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Concrete-filled steel tubes (CFST) have been introduced in high-rise buildings 
in order to expedite construction and increase the confinement of concrete by the steel 
tube, and hence increase the capacity of the column cross-section. More recently, 
expansive additives (EAs) that counteract the shrinkage of concrete have been used in 
CFST to improve the bond between the concrete and steel tube. Although changing 
the confinement level exerted by the steel tube on concrete will have an impact on the 
behavior of CFSTs, little information is available regarding the influence of EAs on 
the mechanical characteristics of expansive concrete-filled steel tubular (ECFST) 
columns. The objective of this study is thus twofold: (i) to experimentally assess the 
behavior of concentrically loaded ECFSTs with different parameters, and (ii) to 
investigate the correlation between the test results and those obtained from different 
analytical modeling techniques and previous prediction approaches. The experimental 
program of this study consists of testing 16 CFST/ECFST columns. Fourteen concrete 
mixes are prepared with four different concrete strength values (16, 40, 50 and 90 
MPa), four EA dosages (0%, 6%, 12% and 24%), and two concrete mixing approaches. 
Steel tubes in two different diameters (89.6 and 153.6 mm), thicknesses (2 and 3 mm), 
and lengths (370 and 1500 mm) are fabricated. In order to arrive at an effective pre-
stressing action during the hardening process of concrete, two end plates are tied to 
each ECFST specimen immediately after casting. Each of the tested specimens is 
effectively instrumented using four LVDTs and several strain gauges. The behavior of 
the tested column specimens and those collected from previous studies is also assessed 
using two numerical modeling techniques, namely the fiber-based modeling (FBM) 





results indicate that increasing the concrete strength significantly improves the axial 
load capacity of CFST columns by up to 76%. Using EA with a concrete strength of 
40 MPa results in the most pronounced improvements in the axial load capacity of 
columns, whilst the most promising EA dosage for the ECFST short columns is 6%. 
Good agreement is observed between the experimental results and those obtained from 
both FBM and FEM in terms of ultimate load capacity, and hence the adopted 
modeling techniques can be used in further parametric studies on CFSTs/ECFSTs. It 
is also recommended to employ specific confined concrete models with the predictive 
approaches of Eurocode 4 and AISC to arrive at the best correlation with CFST test 
results. This study provides insights into the behavior of pre-stressing CFST columns 
and presents test results with diverse parameters that contribute to filling gaps in the 
existing research, verify computational models and provide support for the 
development of prediction approaches for ECFSTs.  
Keywords: CFST, ECFST, expansive additive, concentric loading, confinement, 






 سلوك االعمدة المصنعة من أنابيب صلب مملوءة بخرسانة متمددة تحت تأثير أحمال محورية
 ملخصال
االعمدة المصنعة من أنابيب الصلب والمملوءة بخرسانة في المباني المرتفعة لزيادة ستخدم ت
انابيب الصلب وبهذا يتم إنقاص ابعاد المقطع العرضي قبل من اء وزيادة تطويق الخرسانة سرعة االنش
التي تعالج االنكماش في و. في اآلونة األخير استخدمت المواد المساعدة على التمدد لألعمدة المستخدم
الخرسانة لزيادة الترابط بين الخرسانة وانابيب الصلب. على الرغم من ان تغير مستوى التطويق المطبق 
من قبل انابيب الصلب له تأثير على سلوك االعمدة المصنعة من انابيب الصلب والمملوءة على الخرسانة 
يتعلق بتأثير المواد المساعدة على التمدد على الخواص  فيما متاحبالخرسانة اال ان القليل من المعلومات 
الميكانيكية لألعمدة المصنعة من انابيب صلب والمملوءة بخرسانة متمددة. الهدف من هذه الرسالة يتكون 
عملي لسلوك االعمدة المصنعة من انابيب الصلب والمملوءة بخرسانة متمددة مالتقييم ال أوالمن شقين، 
مختلفة، ثانيا التحقق األخذ في اإلعتبار تأثير العديد من المتغيرات المع  محوريةضغط  الحمأتحت تأثير 
باإلضافة الى الحاسب اآللي  علىونتائج أساليب النمذجة المعملية من صحة العالقة بين نتائج االختبارات 
 ةمصنوععمود  رستة عشعملي لهذه الدراسة يتكون من اختبار مالسابقة. البرنامج الالنظرية العالقات 
ومة امقأربعة عشر خلطة خرسانية بتم تجهيز من انابيب الصلب والمملوءة بخرسانة عادية او متمددة. 
، ونسب مختلفة من المادة المساعدة على التمدد  (MPa  90باإلضافة الى  50، 40، 16( مختلفة ضغط
 انابيب الصلب من قطرين%(، وبطريقتي خلط مختلفتين. صنعت 24%، باإلضافة الى %12، %6، 0)
من اجل   (.mm  1500و  370) ، وطولين مختلفين(mm  3و 2 ) سمكين، و (mm 153.6و  89.6 )
اظهار تأثير سبق االجهاد خالل فترة تصلب الخرسانة تم ربط صفيحتين من الصلب على نهايتي كل 
مراقبة سلوكها كل عينة تم عمود مصنوع من أنابيب الصلب ومملوء بخرسانة متمددة مباشرة بعد الصب. 
باستخدام أجهزة قياس االنتقال الخطي والعديد من خاليا قياس التمدد. سلوك عينات االعمدة  االختبارأثناء 





مدي  المستخدمة في حسابالسابقة باستخدام العالقات كذلك دودة، وااللياف وطريقة نمذجه العناصر المح
. أظهرت النتائج ان زيادة قوة تحمل الخرسانة يحسن بشكل ملحوظ قدرة تحمل االعمدة تحمل األعمدة
%. استخدام المادة المساعدة 76المحورية حتى  الحمالمصنعة من انابيب صلب والمملوءة بالخرسانة لأل
 الحملأليعطي نتائج أكثر فاعلية لتحمل االعمدة  MPa 40على التمدد مع خرسانة ذات قيمة تحمل 
نتائج جيدة من طريقتي ل تم التوصل%. 6المحورية، بينما نسبة المادة القابلة للتمدد األكثر فاعلية هي 
عملية فيما يخص ملنتائج الاريقة نمذجه العناصر المحدودة بالمقارنة مع النمذجه القائمة على االلياف وط
قيمة تحمل القوة المحورية، لذا يمكن استخدام هذه الطرق في دراسات مستقبلية على االعمدة المصنوعة 
من انابيب صلب والمملوءة بالخرسانة العادية او المتمددة. يوصى أيضا بتوظيف بعض عالقات حساب 
الخاصة  ةمريكيواألاألوروبية القياسية  في أكواد التصميم الموصي بهاعالقات اليق الخرسانة مع قيمة تطو
للحصول على نتائج مقاربة بشكل كبير لنتائج اختبار االعمدة المصنوعة من وذلك المعدنية منشآت بال
المصنوعة من انابيب الصلب سلوك االعمدة ل شاملة الصلب والمملوءة بالخرسانة. تقدم هذه الدراسة نظرة
 متغيراتتعرض نتائج اختبارات جديدة تحت تأثير كما  ،محورية ألحمال المعرضةوالمملوءة بالخرسانة و
نماذج الحاسوبية، وتقديم الدعم الالثغرات في الدراسات السابقة، وتدقيق بعض التي تسهم في سد ومختلفة 
 .صنوعة من الصلب والمملوءة بخرسانة متمددةالم باألعمدة الخاصةلتطوير العالقات المبسطة 
متمددة، الالعادية او سانة بالخرالمصنوعة من الصلب والمملوءة  األعمدة: مفاهيم البحث الرئيسية
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In recent years, concrete-filled steel tubes (CFSTs) have been increasingly used 
in high-rise buildings and other types of structures such as bridges due to their 
advantages compared with ordinary steel or reinforced concrete columns. Because of 
the positive composite effects, the disadvantages of using two different materials are 
compensated for, while the advantages are combined, providing an efficient structural 
member. The steel tube serves as a form for casting the concrete, and hence the 
required labor for forms and reinforcing bars is omitted. This leads to a cleaner 
construction site and a reduction in manpower, construction cost and project duration.  
In terms of structural performance, the placement of steel at the perimeter of 
the section is the most efficient utilization of the material since it provides the highest 
contribution of the steel to the section flexural capacity and moment of inertia. 
Reinforcing steel is not needed in CFSTs since the steel tube acts as both longitudinal 
and lateral reinforcement for the concrete core. The concrete core delays the local 
buckling of the steel tube by preventing inward buckling. The continuous confinement 
provided to the concrete core by the steel tube effectively enhances the concrete 
strength and ductility, and hence increases the CFST loading carrying capacity. 
Therefore, the use of CFSTs increases the usable floor area by a reduction in the 
required column cross-sectional sizes.  
The increase of load-carrying capacity due to the concrete confinement 
provided by the steel tube depends on several parameters such as the strength and 
deformability of the materials, diameter-to-thickness ratio (D/t) of the steel tube, its 




cross-section shape (e.g., Sakino et al., 2004; De Oliveira et al., 2009; Dundu, 2012; 
Perea et al., 2012). Additionally, the concrete shrinkage and bond between the concrete 
and steel tube play important roles in the axial load capacity of CFST members. The 
bond strength can be enhanced by adding expansive additives (EAs) into the concrete 
mix to reduce the concrete shrinkage. This type of CFST member is termed expansive 
concrete-filled steel tube (ECFST).  
The behavior of CFST columns with conventional concrete mixtures is greatly 
influenced by the difference between the Poisson’s ratio of concrete and steel. Since 
the Poisson’s ratio of concrete is slightly lower than that of steel, the steel tube wall 
will be separated from the concrete core at the initial loading stages. With increasing 
axial load, the concrete lateral deformation reaches that of the steel tube, which starts 
developing tensile hoop stresses (e.g., Sakino et al. 2004). Hence, in a CFST column, 
the confining effect of the steel tube to the concrete core is inactive until the column 
is subjected to high levels of axial loads. On the other hand, in ECFST columns, the 
tendency of the expansive concrete to expand after casting is effectively prevented by 
the steel tube, and hence a pre-loading confining effect is generated before the column 
is axially loaded. Because of the change in the material properties of the concrete core 
in ECFST, the overall mechanical properties of the column inevitably change and 
affect the bearing capacity of the structural member.  
Although the results of recent studies have indicated that the expansive 
concrete are a promising technique for improving the performance of CFST columns 
by increasing confinement and delaying the local buckling of steel tubes, this 
technique has received little attention (e.g. Xu et al., 2009; Wang et al., 2011). There 
is a pressing need to fill the gaps in knowledge related to the effect of concrete strength, 




ratio on the axial load capacity of ECFSTs, particularly using the EA material 
commonly used in the local construction industry in the UAE. 
1.2 Scope and Objective 
The main objectives of the experimental and analytical phases of this study are as 
follows: 
 Review of the current state of knowledge related to the behavior of CFST and 
the prestr essing action developed when using EA in the concrete mixture of 
such columns. 
 Experimentally investigate the behavior of ECFST with different concrete 
mixing approaches, concrete strength levels, EA ratios, cross-sectional 
dimensions and slenderness ratios.  
 Compare the load capacity and the development of deformations and failure 
modes of concentrically loaded CFST and ECFST columns. 
 Study the correlation between the test results of the present research and 
previous studies with those obtained from different analytical modeling 
techniques as well as the prediction approaches recommended by design 
provisions and in previous studies.   
 Provide recommendations regarding the effects of the above-mentioned 
parameters on the axial load behavior of ECFST and the suitable modeling and 




1.3 Report Organization 
This thesis follows the sequence of the research tasks carried out in the present 
study. The thesis consists of six chapters, starting from the Introduction, going through 
Literature Review, Experimental Program, Results and Discussion, Comparison of 
Test Results with Numerical Models and Prediction Approaches, and finally ending 
with Summary and Recommendations. The focus of different chapters is as follows: 
Chapter 1 – Introduction: It discusses the background and motivations of this 
research and identifies the main objectives. 
Chapter 2 - Literature Review: This chapter presents the up-to-date research 
related to the experimental studies of CFST and ECFST elements. Principal 
contributions and main conclusions of selected previous research studies relevant to 
this work are briefly discussed. The behavior of CFSTs is presented first and then 
followed with the behavior of ECFSTs. Finally, the stress-strain models of confined 
concrete used in CFSTs are discussed in detail. 
Chapter 3 - Experimental Program: This chapter presents in detail the 
preparations and experimental setup used to test 16 CFST/ECFST specimens. the 
description of the test specimens, their instrumentation, and the pre-test settings are 
documented in this chapter. 
Chapter 4 - Results and Discussion: The results of the axial load testing of 16 
CFST/ECFST specimens are presented is this chapter. The deformed shape/failure 
mode along with the load versus displacement, vertical and horizontal strain curves of 





Chapter 5 - Comparison of Test Results with Numerical Models and Prediction 
Approaches: The analytical modeling of CFSTs and ECFSTs is presented in this 
chapter. The results of the inelastic analyses conducted using the fiber-based modeling 
(FBM) and finite element method (FEM) techniques to assess the axial behavior of 
CFST and ECFST columns are discussed. This chapter also presents the CFST and 
ECFST test results obtained from the present study as well as those collected from the 
literature and verifies these large sets of test results with the prediction approaches 
recommended by design codes and suggested by other researchers.  
Chapter 6 - Summary and Conclusions: The main findings of this study as well 






2.1 Introduction  
This chapter presents the up-to-date research related to CFST and ECFST 
elements. The principal contributions and main conclusions of selected previous 
research studies relevant to CFSTs and ECFSTs are briefly discussed. The behavior of 
CFSTs is discussed first and then followed by ECFSTs, with particular attention to the 
failure modes and bond properties of confined concrete. The stress-strain models that 
account for the confining effect of concrete in CFSTs are significant for the prediction 
of the CFST behavior, and hence they are discussed in detail in subsequent sections. 
2.2 Behavior of Concrete-Filled Steel Tubes (CFSTs) 
Previous studies concluded that when circular CFST columns are subjected to 
small axial loads, confinement could be neglected since the poisson’s ratio for concrete 
is smaller than that for steel. The axial load causes the steel tube to expand faster than 
concrete. As the load increases, the longitudinal strain of concrete increases until it 
reaches a critical strain. At this point, the lateral deformation of the concrete catches 
up with that of the steel tube. Any further increase in load causes tensile hoop stress to 
develop in the steel tube, and hence the concrete core to be subjected to tri-axial 
compression. The lateral stress generated by the steel tube generates additional 
compressive resistance for the concentrically loaded CFST columns. This resistance is 
higher than the sum of the resistance of their uniaxially-loaded individual components. 
A circular CFST is thus expected to have better axial resistance than a square CFST 





Previous studies related to the confinement of CFST columns concluded that 
an increase in concrete strength results in an observable increase in the capacity of the 
CFST columns. However, confinement was found to be more effective when the steel 
tube was filled with normal strength concrete (NSC) due to its higher deformation 
capacity in comparison with the high strength concrete (HSC). CFST columns have 
local buckling capacity of about 50% more than steel tubes since the thin steel tube is 
restrained against buckling inwards by concrete. However, the capacity of CFST 
columns decreases with increasing the length-to-diameter ratio. Table 2.1 summarizes 
the material and geometric properties of CFST specimens tested in previous studies 
related to CFST columns and their behavior. The studies listed in Table 2.1 are 
discussed in more detail hereafter. 
Huang et al. (2002) conducted an experimental research on the axial load 
behavior of square CFST columns with the width-to-thickness (B/t) ratios between 40 
and 150. The study proposed a stiffening scheme to improve the mechanical properties 
of square CFST columns, as shown in Figure 2.1. Seventeen specimens were tested to 
examine the effects of cross-sectional shapes, width-to-thickness ratios, and stiffening 
arrangements on the ultimate strength, stiffness and ductility of CFST columns. 
Moreover, nonlinear finite element analysis was also conducted to investigate the 
cross-sectional axial stress distribution at the ultimate strength and to compare the 
measured ultimate strength with the estimated value. It was concluded that stiffening 
scheme can significantly enhance the ultimate strength and ductility of square CFST 
columns, but may somehow decrease the stiffness when the B/t ratio is less than 70. In 
addition, the failure modes of the specimens indicated that the stiffening scheme 





Figure 2.1: Stiffening Arrangements of Square CFST (Huang et al., 2002) 
    
Table 2.1: Material, Geometric Properties and Behavior of CFST Specimens Tested 
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Giakoumelis and Lam (2004) conducted an experimental research on the 
behavior of CFSTs with various concrete strength under axial load considering the 
bond effect. The effects of steel tube thickness, bond strength between the concrete 
and the steel tube, and confinement of concrete were examined. The measured column 
strength values were compared with those predicted by Eurocode4 (2006), AS (1998) 
and ACI (1995). Fifteen specimens were tested with 30, 60 and 100 MPa concrete 
strength, and a dimeter-to-thickness (D/t) ratio from 22.9 to 30.5. All the columns were 
114 mm in diameter and 300 mm in length. It was concluded that when the concrete 
strength increases, the effects of the bond of the concrete and the steel tube became 
more critical. For NSC, the reduction of the column axial capacity due to bonding was 
negligible. For HSC, the difference between non-greased and greased CFSTs was 
17%, as shown in Figure 2.2. Also for high-strength CFST columns, the peak load was 
achieved at a small shortening of 3.0 mm, whereas for NSC the ultimate load was 
gained at a large displacement, as shown in Figure 2.3. 
Liu and Gho (2005) conducted an experimental investigation into the axial load 
behavior of rectangular CFST stub columns. Twenty-six specimens were tested under 
concentric compression. The test parameters were the concrete strength (55, 83, and 
106 MPa), steel yield stress (300 and 495 MPa) and cross-sectional aspect ratio (1.0–
2.0). The ductility performance was observed for all specimens during the tests. The 
comparison of axial load capacity between the tests and the design codes shows that 
the ACI (2002a) and AISC (1999) codes give a safe estimation of the axial load 
capacity by 7 and 8%, respectively. On the other hand, Eurocode4 (2006)  
overestimates the ultimate capacity of the specimens fabricated from mild steel and 
HSC. Numerical models were developed using the fiber-based modeling approached 




reasonable accuracy of this modeling approach to estimate the axial load capacity of 






Figure 2.3: Axial Load-Displacement Relationship of CFSTS with Different 
Concrete Strength (Giakoumelis and Lam, 2004) 
 
Ellobody et al. (2006) studied analytically the behavior and design of forty 
axially loaded CFST circular stub columns. The studied parameters included the 
Figure 2.2: Axial Load-Displacement Relationship of Non-Greased and 







concrete strength (30 to 110 MPa), steel yield strength (343 to 507 MPa), D/t ratio (15 
to 80), and specimen length (300 to 1080 mm). Finite element models were developed 
to carry out the analysis. The column strength values predicted from the finite element 
analysis were compared with the design strength calculated using Eurocode4 (2006), 
AISC (1999), AS (1998) and ACI (1999). The results of the parametric study indicated 
that the design strength given by the ACI and AS codes were conservative while those 
of the European4 code were generally non-conservative. 
Gupta et al. (2007) conducted an experimental and analytical study on the 
behavior of circular concentrically loaded CFST columns. Eighty-one specimens were 
tested to investigate the effect of D/t ratio of a steel tube and concrete strength with 
different volume of flyash on the load carrying capacity of CFST columns. The test 
parameters included the D/t ratio (25 to 39), length to diameter (L/D) ratio (3 to 8), 
and flyash ratio (15% to 25%). In addition, a nonlinear finite element model was 
developed to study the load carrying capacity of CFSTs. From the experimental and 
computational study, it was found that for both modes of collapse of CFST columns at 
a given deflection (i.e. global and local buckling with concrete failure, Figure 2.4), the 
load carrying capacity decreased with the increase in flyash volume up to 20% but it 
again increased at 25% flyash volume of concrete, as shown in Figure 2.5. In addition, 
it was observed that for smaller D/t ratio, the steel tube provided good confinement 
effect to concrete, and the load carrying capacity decreased as the D/t ratio increased. 
In the CFST columns, which failed essentially in local buckling, as shown in Figure 







Figure 2.4: Deformed Shapes of CFST: (a) 50 mm Diameter, and (b) 100 mm 
Diameter (Gupta et al., 2007) 
  
 
Figure 2.5: Load-Deformation Curves of CFST for Different Concrete Mixes: (a) 75 
mm, and (b) 50 mm Diameter (Gupta et al., 2007) 
Han et al. (2008) investigated the behavior of 32 CFST stub columns subjected 
to axial local compression. The main test parameters included the cross-sectional shape 
(circular and square), ratio of concrete cross-sectional area to local compression area 





element analyses were also conducted for the CFST stub columns subjected to axial 
local compression. It was found that the local compression could decrease the bearing 
capacities of the CFST columns, as shown in Figure 2.7. In addition, under axial local 
compression, the top endplate can improve the behavior of the CFST columns by 
constraining the deformation at the end section and spreading local compression force, 
so the bigger endplate thickness, the higher strength.  
 
 
Figure 2.6: Schematic View of the Local Compression-Transferring Path with Local 
Compression Ratios of: (a) 16, and (b) 1.44, (Han et al., 2008) 
 
     de Oliveira et al. (2009) conducted an experimental study for the confinement 
effects of CFST columns. Sixteen circular CFST columns were tested under axial 
loading. The main test parameters included concrete compressive strength (30, 60, 80, 
and 100 MPa), and column slenderness ratio (3, 5, 7, and 10). The experimental values 
of the column ultimate load were compared to Eurocode4 (2006), Brazilian Code 
(ABNT, 2008), AISC (1999), and Canadian Standards (CSA, 2001). The results 
indicated that the load capacity of the CFST columns increased with increasing 





specimens with the low L/D ratio exhibited a higher increase of load capacity, due to 
the confinement effect, up to the crushing of the concrete core and the local buckling 
of the tube. Specimens with high L/D ratio had a lower strain, and the global buckling 
occurred before the concrete core could develop its full capacity. This high L/D ratio 
led to reducing the radial deformation of the concrete core and preventing the 
mobilization of the confinement effect of the tube, as shown in Figure 2.9. 
 
 
Figure 2.7: Load-Deformation Relationships for Different Local Compression 






Figure 2.8: Load-Strain Curves of CFST Columns: (a) L/D = 3, (b) L/D = 10, 
(de Oliveira et al., 2009) 
 
 
Figure 2.9: Deformed Shapes of Tested Columns: (a) L/D = 3, (b) L/D = 10, (de 
Oliveira et al., 2009) 
 
Dundu (2012) conducted an experimental study to investigate the behavior of 
CFST columns. Twenty-four specimens were tested under axial loading. The studied 
parameters included the concrete strength (25 and 32 MPa), steel yield strength (345 






was found that the failure mode of CFST columns with large slenderness ratios ranged 
from 10 to 22 had global flexural buckling with no signs of local buckling. On the 
other hand, the columns with slenderness ratios ranged from 5 to 10 failed by crushing 
of the concrete core and yielding with bulging of the steel tube, as shown in Figure 
2.10. Figure 2.11 shows the axial load versus the vertical deformation of the columns. 
 
Figure 2.10: Typical Failure Modes of Columns with Different Slenderness Ratios: 
(a) 1.0m, (b) 1.5m, (c) 2.0m, and (d) 2.5m, (Dundu, 2012) 
 
 
Figure 2.11: Axial Load Versus Axial Displacement of an 114.3 mm Diameter 




Khodaie (2013) investigated the concrete-steel bond strength of CFST. 
Twenty-two short high and normal strength CFSTs were tested. The main test 
parameters included the concrete mixes and steel tube diameters (i.e. 3, 4, 6 and 8 
inches). Push-out tests were carried out to evaluate the bond carrying capacity, as 
shown in Figure 2.12. The results indicated that the bond strength increased with the 
reduction of the water to cement (w/c) ratio of concrete mixes. For the tested 
specimens, the bond strength ratio decreases with increasing the diameter of the steel 
tubes, as shown in Figure 2.13. 
 
Figure 2.12: A Specimen Before (Left) and After (Right) Push Out Test, (Khodaie, 
2013) 
 
Figure 2.13: Bond Stress-Slip Curves Related to Normal Concrete (N) and High 







Figure 2.13: (Cont’d) Bond Stress-Slip Curves Related to Normal Concrete (N) and 
High Strength Concrete (S) for Different Tube Diameters: (a) 3 inches, and (b) 8 
inches, (Khodaie, 2013) 
2.3 Behavior of CFSTs with Expansive Additives (ECFST) 
The bond strength between concrete and steel plays a major role in the axial 
load capacity of CFST members. Concrete shrinkage is also an important factor for the 
bond strength, which decreases when the tube diameter or the D/t ratio increases. The 
bond strength can be enhanced by adding an expansive additive (EA) into the concrete 
mix, which reduces the concrete shrinkage.  
In CFST columns with NSC, the confining effect of the steel tube on the 
concrete is not active until high levels of load are reached. However, in ECFST 
columns, the tendency of the concrete to expand is prevented by the steel tube, and 
hence a pre-loading confining effect is generated before the column is axially loaded. 
Because of the change in the material properties of the concrete core in ECFST, the 
overall mechanical properties of columns change and improve the bearing capacity of 
the structural member. Table 2.2 summarizes the previous studies related to ECFST 





Table 2.2: Properties of Specimens Tested in Previous Studies Related to ECFST 
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Kaicheng and Xiancheng (2005) conducted a pilot experimental study on five 
ECFSTs to measure the temperature change of ECFST with HSC and low heat micro-
expansive additive with different mix proportions. The main test parameter was the 
concrete expansive admixtures quantity. The failure modes of the axially-loaded 
ECFST short columns were studied, particularly the changes in the distribution stress 
under loading with the EA quantity. It was concluded that EA led to increasing the 
tensile stresses in the steel tube surface, and the stress increased with increasing the 
EA quantities. Table 2.3 shows the variation in the circumferential and longitudinal 
strain of ECFSTs with different EA ratio. The ultimate strength of ECFST columns 
under similar conditions was improved after adding EA, with the exception of 
specimen E, which had an EA ratio of 20%, as shown in Figure 2.14. It is clear from 
this study that EA decreased the ultimate load capacity and initial stiffness of CFSTs 
when the EA ratio exceeded 12%. It is important to note that this study did not provide 




Table 2.3: Strain of ECFST Columns with Different Concrete Mixes, (Kaicheng and 
Xiancheng, 2005) 
 A B C D E 
Expansion admixture (%) 0 8% 10% 12% 20% 
Circumferential strain (µε) - 50 90 120 180 
Longitudinal strain (µε) - 12 71 90 130 
  
Figure 2.14: Load-Displacement Relationships of ECFSTs, (Kaicheng and 
Xiancheng, 2005) 
 
Lu et al. (2007) studied analytically the behavior of ECFST short columns. An 
equivalent analytical model for square and circular axially-loaded ECFST columns 
was proposed and compared with experimental results. The expansion effect of the 
core expansive concrete was modeled by applying a temperature field to ordinary 
concrete. Load-deformation curves of axially loaded ECFST short columns were 
obtained by finite element simulations. The results indicated that ECFST provided a 
better confining effect and higher strength than CFST. In addition, the analysis of the 
axial stress distribution in the concrete core of square ECFST indicated that the 
confining effect was exerted mainly at the diagonals and the corner regions of the 





Figure 2.15: Axial Stress Distribution Of Concrete Core For Square ECFSTs; Pp 
Represents the Ultimate Strength, (Lu et al., 2007) 
 
 Xu et al. (2009) conducted an experimental study on the expansion behavior 
and bond carrying capacities of short ECFST. Seventeen ECFST columns were 
experimentally investigated. The expansive concrete was introduced by means of 
expansive cement. The results indicated that both the concrete mixes and the 
dimensions of steel tubes had important effects on the behavior of ECFST specimens, 
as shown in Figure 2.16. The pre-stressing effect of the concrete core was a sensitive 
parameter to the bond strength as well as the load–slip relationship. Also, the ECFST 





(SI: steel tube with wall thickness 2.75mm; o: with Portland cement; a, b and c: mixture ratio of 
expansive cement to aggregate of 0.4, 0.42 and 0.45, respectively) 
Figure 2.16: Time-Dependent Radial Pre-Stress Plot for a Group of Specimens with 
Same Dimensions But with Different Concrete Types (a, b and c) and Expansive 
Cement Ratios, (Xu et al., 2009) 
 
 
(SI: steel tube with wall thickness 2.75mm; o: with Portland cement; a, b and c: mixture ratio of 
expansive cement to aggregate of 0.4, 0.42 and 0.45, respectively) 
Figure 2.17: Load–Slip Displacement Curve for a Group of Specimens with Same 
Dimensions But with Different Concrete Types (a, b and c) and Expansive Cement 





Chang et al. (2009) conducted experimental and numerical investigations on 
pre-stressed CFST columns by means of expansive cement under eccentric loading. 
Thirteen ECFST columns were experimentally investigated. The expansive concrete 
was prepared using expansive cement. The main test parameters included the load 
eccentricity ratio (0.162, 0.167 and 0.673) and specimen length (600, 1200 and 1800 
mm). Finite element models were developed for predicting the full load and mid-height 
deflection curves. The results indicated that the ECFST members had comparable 
behavior to CFSTs, where the load carrying capacity increased with decreasing the 
load eccentricity. ECFST columns had a higher load carrying capacity than the CFST 
columns when other parameters were kept unchanged. In addition, by increasing the 
load eccentricity ratio, the difference in the load carrying capacity between ECFSTs 
and CFSTs decreased, as shown in Figure 2.18. 
 
Figure 2.18: Comparison of Load-Eccentricity for ECFST and CFST Columns 
 
Wang et al. (2011) provided experimental data for the time-dependent behavior 
of ECFST columns. Eleven ECFST short columns were tested under different levels 




tested up to failure to evaluate the long-term effects. The expansive concrete was 
prepared using EA. The main test parameters included the sustained axial load and 
concrete age. The results indicated that the confinement effect started to influence the 
ECFST response when the steel tube approached yielding. The strength of the 
specimens subjected to sustained loading was higher than those observed for the 
specimens that remained unloaded during the long-term test. Figure 2.19 summarizes 
these results where, specimens I, III, IV, and VII were tested under sustained load 
while specimen VIII was kept unloaded during the long-term test.  
 







2.4 Prediction Models of CFST 
Previous experimental results indicated that the degree of confinement of the 
concrete core had a direct influence on the load capacity of CFST columns under 
concentric loading. An internal pressure develops between the steel tube and concrete 
core at high loading levels, creating a tensile hoop stress in the steel tube. Due to this 
confining effect, the compressive strength of the concrete improves. The increase of 
axial load capacity due to the concrete confinement provided by the steel tube depends 
on a number of parameters, such as the strength and deformability of the material, 
cross section shape, D/t ratio, L/D ratio, and eccentricity of the load to diameter ratio 
(e/D). All these parameters contribute to defining the degree of confinement of the 
concrete. This section, therefore, reviews previous studies related to CFST stress-strain 
models.  
Tang et al. (1996) proposed a confining pressure model for concrete in circular 
CFST columns, which accounted for the effects of material and geometric properties 
of the column on the strength enhancement and the post-peak behavior. It was 
concluded that the proposed model overestimated the lateral confining pressure in 





















where ƒʹc is the strength of unconfined concrete, ƒʹcc is the strength of confined 
concrete, m is an empirical coefficient, ƒrp is the confining pressure on concrete, β is 
an empirical factor, νe and νs are the Poisson’s ratios of the steel tube with and without 
filled-in concrete, respectively, ν`e is a factor calculated using Eqn 2.5, and ƒy is the 
steel yield strength. 
Susantha et al. (2001) proposed uniaxial stress-strain relationships for concrete 
confined by steel tubes with various shapes. Three types of cross-sectional shapes were 
considered, namely circular, box and octagonal cross sections. For the circular CFST 
columns, the confining pressure model proposed by Tang et al. (1996) was adopted. 
Available experimental results were used to determine the stress–strain relation. It was 
concluded that the highest confinement pressure was observed in circular columns 
while the lowest pressure was observed in box columns. This model is discussed in 
more detail in Chapter 5. 
Elremaily and Azizinamini (2002) conducted a study on the behavior of CFST 
columns under seismic loads. Six columns were subjected to constant axial loads in 
addition to cyclic lateral loads. The main test parameters were the level of axial load, 
the D/t ratio of the steel tube, and the concrete compressive strength. An analytical 
model was also developed and compared with the experimental data to predict the 
capacity of circular CFST beam–columns accounting for the interaction between the 
steel and concrete. This study adopted the concrete compressive strength model 




average value of the hoop stress (σθ) can be taken equal to (0.1ƒy) in the analytical 




where ƒʹc0 is the strength of unconfined concrete, and ƒ
ʹ
1 is the effective lateral 
confining stress on the concrete, given by: 
                                                                                              
 .                                                                                            
2.7 
 
Hu et al. (2003) developed confining pressure models for CFST columns. 
Circular and square cross-sections stiffened by reinforcing ties were investigated while 
their confining pressure models were developed based on normal strength materials. 
The experimental data from Schneider (1998) and Huang et al. (2002) were used to 
verify and calibrate the proposed material model. The concrete compressive strength 
model proposed by Mander et al. (1988) was adopted, where the strength of the 
confined concrete was estimated as follows: f`cc = f`c + k1f1. The confinement factor, 
k1, is set to 4.1 based on the study of Richart and Brandtzaeg (1928). The study of Hu 
et al. (2003) proposed a model for calculating the confining pressure, ƒl, for circular 
cross-sections depending on the D/t ratio and steel yield strength. The proposed model 
overestimated the confining pressures of HSC with D/t ratios less than 47, as shown 
in Figure 2.20. This model is discussed in more detail in Chapter 5. 





Figure 2.20: relationship between ƒl/ƒy and D/t ratios for CFST columns with circular 
cross-sections, (Hu et al., 2003) 
 
Sakino et al. (2004) studied the behavior of axially loaded CFST short columns. 
A large number of 114 specimens were tested. The main test parameters involved the 
tube shape (circular and square), tube tensile strength (400, 600 and 800 MPa), D/t 
ratio (62 and 152), and concrete strength (20, 40 and 80 MPa). Design equations for 
estimating the ultimate axial compressive load capacities was proposed for CFST 
columns with both circular and square cross-sections based on test results, as follows:  
,         2.8 
where σccB is the strength of confined concrete, γU strength reduction factor for 
concrete taken equal to 1.67Dc-0.112, Dc is the diameter of the concrete cylinder, and 
σr is the confining pressure, given by: 
        and            





where, σsθ and σsz are the hoop and axial stresses of steel tube in yield condition, 
respectively;u and uc  are coefficients determined based on experimental results and 
are assumed to be independent of material properties and dimensions of columns; and 
σsy is the tensile yield stress of the steel tube, The coefficients u and uc of circular 
cross-sections are determined by solving the following Eqns: 






where λ is an augmentation factor; Nu is the axial load capacity of concrete-filled steel 
tube short columns; N0 is the nominal squash load; and Ns0 is the axial yield strength 
of steel tube.  
 
Liang and Fragomeni (2009) conducted a nonlinear analysis of circular CFST 
short columns under axial loading. A design formula accounting for the concrete 
confinement effects was proposed. The studied parameter involved the tube D/t ratio, 
concrete compressive strength and steel yield strength. The concrete compressive 
strength model proposed by Mander et al. (1988) was used with a strength reduction 
factor γc, as follows f`cc = c f`c + k1frp. Based on the work of Tang et al. (1996) and 
Hu et al. (2003) as well as the experimental results and numerical analyses conducted 
by Sakino et al. (2004) and Giakoumelis and Lam (2004), Liang and Fragomeni (2009) 
proposed a model for predicting the confining pressure. This model and its parameters 






2.5 Concluding Remarks 
The research studies reviewed in this chapter covered a wide-range of the 
existing literature relevant to CFSTs and ECFSTs. The behavior of CFST was 
addressed first, followed by the behavior of ECFST. The stress-strain models proposed 
for CFST were finally reviewed. The axial load capacities of CFST columns tested in 
previous studies were much higher than those of the concrete columns. When adding 
EA to concrete, the ECFST columns gained more strength compared with CFSTs. 
Although the results of previous studies indicated that the expansive concrete is 
promising for improving the performance of CFST columns by increasing the 
confinement and delaying the local buckling of steel tubes, this technique has received 
little attention. The main observations from the brief review of previous studies related 
to ECFST, were as follows: 
 Some studies tested a limited number of specimens (e.g. Kaicheng & 
Xiancheng, 2005; Lu et al., 2007). 
 Most of the studies related to ECFSTs employed expansive cement (Kaicheng 
& Xiancheng, 2005; Xu et al., 2009; Chang et al., 2009). 
 Most of the studies investigated ECFSTs with L/D ratios less than 5, while a 
study covered long columns with L/D ratio between 7.6 and 23 but under the 
effect of eccentric axial load. 
 Few of the previous studies investigated the EA ratio while the EA material 
commonly used the construction industry in the UAE was not tested in any of 
the previous studies.  
This literature review highlighted the need to fill the gaps in knowledge related 




 The behavior of ECFST columns using the EA material used in the UAE. 
 Effect of EA ratio on the axial load capacity of ECFSTs. 
 The impact of EA mixing approach on the load capacity of ECFSTs. 
 Effect of concrete strength on the load capacity of ECFSTs. 







3.1 Introduction  
The experimental program conducted in this research study consists of testing 
both short and relatively long ECFST columns when subjected to increasing axial 
loads. Specimens were cast and tested in the concrete laboratory of the United Arab 
Emirates University (UAEU). Various concrete strength values, mixing approaches 
and EA ratios are used with two different diameters and thicknesses of steel tubes to 
adress the study objectives.  
3.2 Description of Specimens 
The material properties have significant impacts on the ECFST characteristics, 
and hence they are precisely measured for all tested specimens. In this research, the 
main materials used for fabricating the test specimens include steel and concrete with 
EA. Different compression and tensile tests are conducted to identify the material 
characteristics. 
 
3.2.1 Concrete Mixtures 
Since one of the primary objectives of this study is to investigate the impact of 
the pre-stressing provided by EA on the axial-load carrying capacity of ECFST with 
different concrete strength values, the column specimens are designed to produce 
different confinement/pre-stressing levels using different concrete mixes. The concrete 
of the composite column specimens is mixed in a number of batches with four concrete 
strength values.  An expansive additive in a powder form with both expanding and 
super-plasticizing actions is used in the present study (MAPEI, 2015). The EA 




pre-stressing levels, the EA is added in different dosages relative to the cement weight 
(i.e., 0%, 6%, 12% and 24%).  For all concrete mixtures, coarse aggregate is crushed 
dolomite with 10mm maximum size and the fine aggregate is a mixture of crushed 
stone sand and dune sand. The design slump for all mixtures is (50-70mm). Table 3.1 
shows the adopted concrete mixes without EA (ACI, 2002b). At least three cubes, 
100x100x100mm, from each concrete batch are prepared. In total, fourteen concrete 
mixes with four different concrete strength values and four EA dosages are prepared. 
Four mixes are without the EA (M0, M1, M2 and M3) while the other mixes are 
prepared with different EA ratios (i.e. M0-E6, M1-E6, M2-E6, M3-E6, M0-E12, M1-
E12, M3-E12, M0-E24, M1-E24 and M3-E24). The cube compressive strength of all 
tested batches at 28 days are presented in Table 3.2. Average values of the standard 
cylinder compressive strength at 28 days (ƒʹc) are presented in Table 3.3. 
  
Table 3.1: The Adopted Concrete Mixes without the Expansive Additive 
Material 
Mix Reference 
M0 M1 M2 M3 
Cement (kg/m3) 329 350 450 605 
Silica fume (kg/m3) 0 0 0 110 
Water (kg/m3) 231 158 180 157 
Maximum aggregate size (mm) 10 10 10 10 
Coarse aggregate (kg/m3) 1100 1290 1105 1105 
Crushed stone sand (kg/m3) 346 0 320 187 
Dune sand (kg/m3) 346 645 377 238 
Superplasticizer (kg/m3) 0 0 0 9 
 




 Concrete mix   
M0 M1 M2 M3 
0% 20, 20, 21 49, 48, 49 67, 63, 71 123, 115, 116 
6% 30, 29, 31 46, 50, 50 60, 55, 59 101, 98, 97 
12% 36, 38, 36 66, 62, 64 - 111, 107, 108 




Table 3.3: Average Compressive Strength at 28 Days for All Batches 
 
Figure 3.1 depicts the effect of the EA ratio on the compressive strength of 
different concrete mixes. The results show that the concrete strength of the M0 and 
M1 mixes increases with increasing the EA ratio. The results also show that the 
concrete strength of the M2 and M3 mixes decreases at an EA ratio of 6%. This reflects 
that the EA have adverse effects on concrete strength for mixtures with low w/c ratios. 
For the results of the HSC mix M3, the concrete strength decreases by 16% as the EA 
ratio increases to 6%, while the strength increases again as the EA ratio increases to 
12%. At an EA ratio of 24%, the concrete compressive strength of M3 decreases by 
about 23% compared with the initial strength value. The results indicate that the 
expansive material has better performance with high w/c ratios, particularly for 
mixtures with low w/c ratios (i.e. M3). This is attributed to the fact that very little free 
water is available in the mixture for the expansive additive to work effectively. 












2 M1 39 
3 M2 52 






6 M1-E6 38 
7 M2-E6 45 






10 M1-E12 50 






13 M1-E24 59 





Figure 3.1: Compressive Strength versus Ea Ratio for all Concrete Batches 
For the results presented in Table 3.2 & 3.3 and Figure 3.1, all concrete 
ingredients are simultaneously mixed with water (referred to as Mixing Approach 1). 
To verify the effect of the EA mixing technique on concrete strength, additional 
concrete cubes are prepared using a different mixing approach. In this method, all 
ingredients, excluding the cement and water, are firstly mixed together. The water is 
then added to enable the EA to react with enough water. After 2-3 minutes of mixing, 
the cement is finally added to the mixture. The latter mixing procedure is referred to 
as Mixing Approach 2. A comparison between the cube concrete strength at 28 days 
using Mixing Approaches 1 and 2 is presented in Table 3.4. Figure 3.2 shows the 
difference in compressive strength between the two mixing methods. The results 
presented in Table 3.4 and Figure 3.2 indicate that the Mixing Approach 2 enhances 
































Table 3.4: Comparison between Cube Concrete Strength at 28 Days Obtained Using 
Mixing Approaches 1 and 2 
 
 
Figure 3.2: Compressive Strength of M1 and M3 versus the EA Ratio Using Mixing 
Approaches (MA) 1 & 2 
 
Scanning Electron Microscope (SEM) is conducted on three samples to 
identify the main differences in the microstructure between mixtures M1 with no EA, 
M1-E12 with MA1 and M1-E12 with MA2. Figure 3.3 shows the SEM micrographs 
for the three mixtures examined. For M1 with no EA, voids with average dimension > 
10µm are observed with some calcium hydroxide crystals (CH). For the mixtures 






























Mixing Approach 1 Mixing Approach 2 
M1 M3 M1 M3 
0% 49, 48, 49 123, 115, 116 Same results since EA is not used 
6% 46, 50, 50 101, 98, 97 59, 63, 58 125, 120, 115 
12% 66, 62, 64 111, 107, 108 68, 70, 65 123, 126, 120 




microstructure that could be the result of higher compressive strength. Also, it is 
observed the formation of massive crystalline products due to the inclusion of EA. As 
for the comparison between MA1 and MA2, no major difference is observed except 
that for MA2 the sizes of the crystals are larger than those observed in the MA1 sample. 
This explains the insignificant differences between the achieved strength of both 
mixtures and the slightly higher strength for the mixtures of approach 2. 
 
 
                    (a) M1                                  (b) M1-E12 with MA1                  (c) M1-E12 with MA2   
Figure 3.3: SEM Micrographs for Three Mixtures: (a) M1; (b) M1-E12 with MA1; 
and (c) M1-E12 with MA2 
 
 
3.2.2 Steel Tubes 
 The hollow steel tubes used in the present study have two different outer 
diameters (D), wall thicknesses (t) and specimen lengths (L). The steel tubes are cut 
from 6.0m long cold rolled circular tubes. A standard tensile test is conducted to obtain 
the material properties of the steel tubes. The sample preparation, dimensions of the 
steel coupon geometrical properties and testing speed are carried out as per the ASTM 
(2013) requirements. Figure 3.4 shows the coupon dimensions as per ASTM A370 








Figure 3.4: Standard Steel Coupon per ASTM A370 (2013) 
 
Table 3.5: Results of the Tested Coupon  
 
 
The steel tubes of the Series 1 specimens have a diameter, thickness and length 
of 89.6mm, 2mm and 370mm, respectively, while in Series 2 they are 153.6 mm, 3 
mm and 1500 mm, respectively. Figure 3.5 shows the dimensions of the specimens.  
Concerning the construction of the specimens, the steel tubes were cut at the shop and 
fabricated with a lathe to ensure the symmetry of the tube sides about the axis of 
rotation. In addition, top and base plates were engraved to a depth of 3 mm around the 
tube and drilled at four corners to place four steel rods, which are used to tie the top 
and base plates with the tube, as shown in Figure 3.6. After the fabrication, the steel 


















(b) Series 2 – 1500 mm specimens 
 







Figure 3.6: Steel Tube and Plate Fabrication with Lathe 
3.3 Testing Machines and Measuring Devices  
The experimental program consists of testing 16 ECFST specimens subjected 
to axial loads. These specimens vary in their outer diameters, wall thicknesses and 
specimen lengths. The tests are conducted at the UAEU laboratory, which has 2000 
kN and 5000 kN compression machines for testing concrete cubes and short column 
specimens, respectively. The UAEU laboratory also has a 2000 kN reaction steel frame 
and 2000 kN Enerpac® hydraulic jack with hollow plunger cylinders, which are used 
for testing long column specimens, as shown in Figures 3.7 and 3.8. The reaction steel 
frame has a 7.0 m span, 3.9 m clear height and vertical load carrying capacity of 2000 
kN. Figure 3.7 shows the dimensions of the reaction steel frame. Four steel stub 
columns with a 500 mm height are used to reduce the frame height to the required 
length of the long column specimens. A thick steel plate with 1200x1200x30 mm 
dimensions is fixed to the concrete strong floor by anchor bolts to support the column 
specimens, as shown in Figure 3.8. The 2000 kN Enerpac® hydraulic jack, which is 
used to apply the axial load to the column specimens, has a maximum stroke of 156 
mm. A 30-channel static/dynamic digital strainmeter (TML® DRA-30A) connected to 
a laptop is used to monitor all results and measure load and deformations. Additional 
thick steel plates with a 30 mm thickness are used to adjust the height of the long 




displacement transducers (LVDTs). Figure 3.8 shows the details of the test setup for 










Figure 3.8: Test Setup of Series 2 Specimens  
 
The 5000 kN compression testing machine (CBR CAT No. 50-C0080) used 
for testing the short column specimens has a rigid distortion-resistant load frame to 
meet the demands of testing, as shown in Figure 3.9. The loading unit is welded with 
solid plates. Loading is applied upwards, while a lower steel platen allows specimens 
to be slid in place. The lower platen has concentric circles for positioning specimens. 
The loading control valve and hydraulic motorized pump are positioned on the right 
side of the load frame, as shown in Figure 3.9. The digital indicator on the side of the 
loading frame is placed above the loading control valve. A heavy duty motorized pump 
with a valve accurately set the rate of loading. A hinged door offers a protection to the 
user from fragments when the machine is in use. Figure 3.9 shows different 





Figure 3.9: 5000 kN Testing Machine Used with Series 1 Specimens 
 
The strain and displacement are measured using LVDTs and strain gauges. 
Four LVDTs (TML® CDP-100) are placed symmetrically around each of the column 
specimens to measure the overall deformations along the specimens, as shown in 
Figure 3.10 (a). The LVDTs are arranged to allow monitoring of the relative 
displacement at four locations around the column cross-section. Moreover, to enable 
measuring both longitudinal and transverse strains at different locations, three and five 
sets of uniaxial strain gauges are bonded to the exterior tube surface of each of the 
Series 1 and 2 specimens, respectively. Table 3.6 shows the specifications of the used 
TML® FLA-05-11 strain gauges. Each of the used sets includes three strain gauges 
that are located at 0.25, 0.5 and 0.75 of the specimen height/length. The vertical strain 
gauge (VSG) sets are used to measure the longitudinal strains at different points in the 
same level of the ECFST specimen. A set of horizontal strain gauges (HSGs) measures 




layouts of the strain gage sets are shown in Figure 3.11. The applied load, longitudinal 
and circumferential strains, and longitudinal deformations are recorded in real-time 
using a 30-channel static/dynamic digital strainmeter (TML® DRA-30A), as shown in 
Figure 3.10 Still cameras are also used to capture images of the specimens and the 
development of failure modes during testing. 
     
Figure 3.10: Test Setup of Series 1 Specimens: (a) Arrangement of Measuring 
Devices; and (b) Overall Test Setup 
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3.4 Testing Procedure  
One of the objectives of the present study is to add new test results to those 
conducted in the previous studies related to ECFST columns, as shown in Table 3.7. 
This table shows that there is a pressing need to fully understand the actual behavior 
and axial load capacity of ECFST columns, considering the following parameters:  
 EA material used in the construction industry in the UAE,  
 Mixing approach of EA,  
 Different slenderness ratios,  
 Concrete strength, and 
 EA ratios.  
Table 3.7: ECFST Specimens Tested in Previous Studies and Their Results 
Author 








Steel yield  
strength    
(MPa) 
Comments 





5 Not provided a, b, c, e, g 
Lu et al. 
(2007) 
5 180 3 630 45 215 a, c, e 
















44, 51, 54 377, 343 b, d, f 
Wang et 
al. (2011) 
11 140 2.6 420 32, 37 315 c, e 
(a) Limited number of specimens; (b) Expansive cement was used; (c) L/D ratio is less than 5; (d) L/D 
ratio is between 7.6 and 23; (e) Concentrically loaded ECFSTs; (f) Eccentrically loaded ECFSTs; (g) 






Therefore, the tested specimens of the present study are divided into two series: 
(i) twelve short ECFST specimens with an outer diameter of 89.6 mm and a thickness 
of 2 mm (Series 1), and (ii) four long column specimens with 153.6 mm outer diameter 
and 3 mm thickness (Series 2). Both series are cut and machined to the required 
specimen length of 370 and 1500mm for Series 1 and 2, respectively. The fabrication 
of the hollow steel tubes for the casting of the ECFST specimens is conducted as 
discussed in Section 3.2. A specimen length of 370 mm is selected for the short 
columns to reduce the column slenderness ratio. For the long ECFSTs, a specimen 
length of 1500 mm is used to study the effect of increasing the column slenderness on 
the axial load capacity. 
Moreover, the twelve short ECFST specimens in Series 1 are divided into four 
subgroups, as shown in Table 3.8.  The specimens within each of the four groups have 
the same EA dosage (i.e., 0%, 6%, 12% or 24%) but with different concrete mixes, 
which results in different concrete strength levels. On the other hand, the four ECFST 
specimens in Series 2 are divided into two subgroups with 0% and 12% EA dosage 
and two concrete mixtures (i.e. M0 and M1), as shown in Table 3.8. The compressive 
strength of the concrete core is thus the main variable within each of the investigated 
subgroups. It is noteworthy that in Series 1, two identical specimens in each of the 
Groups B and C are cast and tested to enable verifying the test setup and accuracy of 
test results. The specimen sizes and capacities are designed such that none of the 
limitations of the testing machine or test setup are exceeded; namely the specimen 
height and the axial load capacity. 
The inner surfaces of the hollow tubes are moisture conditioned before casting 
concrete to prevent the steel surface from reducing the water content of the concrete 




each concrete layer is compacted before casting the following layer. In order to provide 
support for the long ECFST specimens during the casting of concrete, the specimens 
are tied to a steel frame. A vibrator is used after casting of each concrete layer to avoid 
any honeycombs in concrete and to ensure that the steel tubes are properly filled with 
concrete. Figure 3.12 and Figure 3.13 show the different steps followed to prepare the 
test specimens of the short and long ECFST columns, respectively.  
 
Table 3.8: Details of 16 CFT/ECFST Specimens  
 
In order to arrive at an effective pre-stressing action during the hardening 
process of concrete, two end plates with a thickness of 10 mm are fabricated and tied 
to each ECFST specimen; one steel plate at the base that is also used to support the 
wet concrete during casting, and another steel plate at the top of the specimen. These 
two steel plates are bolted to each specimen immediately after casting and vibrating 























39 239 89.6 2 370 
2 M2 52 239 89.6 2 370 





38 239 89.6 2 370 
5 M2-E6 45 239 89.6 2 370 
6 M3-E6 77 239 89.6 2 370 





53 239 89.6 2 370 
9 M1-E12 53 239 89.6 2 370 





59 239 89.6 2 370 






16 239 153.6 3 1500 





29 239 153.6 3 1500 




concrete using four steel rods, as illustrated in Figure 3.12 (c-d). The two end plates 
are then removed on the test day. The ECFST specimens are cast and cured with the 
CFST columns (i.e. column specimens with and without EA). This ensures that the 
CFST and ECFST specimens experience the same conditions so that any uncertainties 
due to the preparation and curing of specimens are minimized.  
The specimens are tested 28 days after casting of concrete. The top and bottom 
steel plates are removed to ensure that the load is applied to both concrete and steel. 
Each specimen is effectively instrumented to precisely assess its behavior. The strain 
gauges are glued to the target surface via the recommended strain gauge adhesive 
(TML® CN). The exposed parts of the strain gauge wires are isolated from the tube 
surface using a masking tape, as shown in Figure 3.14 (a-b).  
Once the strain gauges are fixed, the specimen is moved to the test machine. A 
magnetic base fixed at the base plate of the specimen is used to secure the LVDTs 
during testing, as shown in Figure 3.14 (c-d). Before testing, a correlation between the 
voltage and displacement measured from LVDTs is performed at multiple positions. 
Strain gages and LVDTs mounted to the specimen are connected to the data logger 
system (TML® DRA-30A) at this stage. With all instrumentations connected to the 
data logger, the load is applied and monotonically increased, and the test data are 
recorded. At the starting step, the instrumentation measurements of the strain gages 
and LVDTs are set nominally to zero. The machine is set to increment the load by 0.5 
kN until the specimen exhibited failure. Afterward, the test machine come back to the 






         
                                      (a)                                                               (b) 
 
                 (c)                                                           (d)    
  
                              (e)                                                               (f)    
Figure 3.12: Casting And Preparing ECFST Specimens in Series 1: (a) Mixing 
Concrete; (b) Compacting Concrete Using Vibrating Table; (c&d) Fixing End Plates 






















   
                           (a)                                                  (b) 
             
                                                 (c)                                                  (d) 
   
                      (e)                                     (f)                                        (g) 
Figure 3.13: Casting and Preparing ECFST Specimens in Series 2: (a) Fixing 
Column Stubs to The Reaction Frame; (B) Aligning Long Steel Tubes; (c) Mixing 
Concrete; (d) Compacting Concrete Layers Using Vibrating Machine; (e) Fixing End 
Plates with Specimens Using Steel Rods; (f); Casted ECFST Long Column 












              (a)                                                          (b) 
 
   
                               (c)                                                          (d) 
Figure 3.14: Test Setup: (a) Distribution Of Strain Gauges For Series 1 Specimens; 
(b) Overview of the Test Setup for Series 1; (c) Arrangement of LVDTs for Series 1; 







The behavior of CFST columns is influenced by the difference between the 
Poisson’s ratio of concrete and steel. Since the Poisson’s ratio of concrete is slightly 
lower than that of steel, the steel tube wall will be separated from the concrete core in 
the initial loading stages. With increasing axial load, the concrete lateral deformation 
reaches that of the steel tube, which starts developing tensile hoop stresses. The 
confining effect imposed by the steel tube on concrete results in a notable increase in 
the specimen axial load capacity. The test results of sixteen ECFST specimens are 
summarized in Table 4.1. The specimen deformed shape along with the load versus 
displacement, vertical strain and horizontal strain curves of all specimens are shown 
in Figure 4.1 to Figure 4.16. The results of each of the tested specimens are presented 
in a separate figure while the discussion is provided in subsequent sections. 
Table 4.1: The Axial Load Capacity of Tested CFST and ECFST Specimens 
Specimen 
No. 











2 M2 4.2 








5 M2-E6 4.5 
6 M3-E6-A 4.6 







9 M1-E12-B 4.9 
























Figure 4.1: The Deformed Shape Along With the Load versus Displacement, Vertical 





























































































































Figure 4.2: The Deformed Shape Along with the Load versus Displacement, Vertical 





Figure 4.3: The Deformed Shape Along with the Load versus Displacement, Vertical 

























































































































































Figure 4.4: The Deformed Shape Along with the Load versus Displacement, Vertical 




































































































































Figure 4.5: The Deformed Shape Along with the Load versus Displacement, Vertical 










































































































































Figure 4.6: The Deformed Shape Along with the Load versus Displacement, Vertical 
































































































































































Figure 4.7: The Deformed Shape Along with the Load versus Displacement, Vertical 
































































































































































Figure 4.8: The Deformed Shape Along with the Load versus Displacement, Vertical 



































































































































Figure 4.9: The Deformed Shape Along with the Load versus Displacement, Vertical 























































































































Figure 4.10: The Deformed Shape Along with the Load versus Displacement, 

























































































































































Figure 4.11: The Deformed Shape Along with the Load versus Displacement, 



































































































































Figure 4.12: The Deformed Shape Along with the Load versus Displacement, 


















































































































































Figure 4.13: The Deformed Shape Along with the Load versus Displacement, 






































































































































































Figure 4.14: The Deformed Shape Along with the Load versus Displacement, 














































































































































































Figure 4.15: The Deformed Shape Along with the Load versus Displacement, 













































































































































































Figure 4.16: The Deformed Shape Along with the Load versus Displacement, 






























































































































































4.2 Analysis of Test Results 
4.2.1 Modes of Failure 
The modes of failure of the ECFST specimens are primarily characterized by 
concrete failure for both Series 1 and Series 2. Figure 4.17 shows the modes of failure 
of the tested short column specimens (Series 1). For these specimens, which have a 
slenderness ratio of 4, the modes of failure are characterized by concrete crushing 
followed by local buckling in steel tubes, typically at the mid-height of the specimen, 
and/or bulging at the column ends. In some specimens, the local buckling in the steel 
tubes is closer to the specimen ends due to the shear failure in concrete after crushing, 
as shown in Figure 4.17 for the Group B specimens. Faster failure modes are observed 
in HSC specimens (i.e. M3), where the ultimate axial load rapidly drops to about 50%. 
 
(a) Group A                   (b) Group B          
 
(c) Group C                                (d) Group D                   





For the long column specimens (i.e. Series 2 with a slenderness ratio of 10), 
the mode of failure is typically comparable to that of the Series 1 specimens, namely 
crushing in concrete followed by local buckling of steel and/or bulging at the column 
ends, as shown in Figure 4.18. The columns of Series 2 failed at much higher axial 
load levels than those of Series 1 specimens due to the bigger cross section of the 
former series. The bulging at the ends of the specimen is more pronounced in Series 
2, which is attributed to the crushing in concrete at the ends of the larger diameter 
specimen.    
 
(a) Group A                  (b) Group B                                 
Figure 4.18: Failure Shape at the Ends of Series 2 Specimens 
 
4.2.2 Loads and Displacements 
The results shown in Figure 4.1(b) to Figure 4.16(b) represent the load-
deformation relationships of the 16 ECFST and CFST specimens. The deformation 
represents the average values obtained from the four LVDTs used to record the vertical 
displacement of each specimen. It is seen that the axial load-deflection curves of the 
column specimens typically consist of three segments. The first segment is almost 
linear until about 80% of the ultimate load capacity. This branch defines the initial 
stiffness of the specimens (Mohamed, 2010). The second segment starts when the 
strain in concrete reaches a critical limit where the lateral deformation of concrete 
caches up with the steel tube as the confining pressure of the tubes effectively activate, 




strength of the specimen gradually decreases. With increasing the axial load, the 
propagation of the lateral cracks increases until the failure point is reached, which 
characterizes the third segment of the curve. The axial strength in the third segment of 
the curve is a function of the concrete compressive strength, steel tube thickness, and 
slenderness ratio. 
4.3 Impact of EA and Concrete Strength on Axial Load Capacity 
The comparison between the ultimate axial loads of M1 and M3 specimens 
illustrates the impact of EA on the axial load capacity, as shown in Figure 4.19. The 
ECFST columns provided with a 6% EA exhibit an increase in the axial load capacity 
compared to that of CFST columns for all concrete mixes. The adverse effect of EA is 
observed on the axial strength of the ECFST column specimens with HSC (i.e. M3) 
when the EA dosage increases to 12% and 24%. For an EA ratio of 6%, the increase 
in the ECFST strength is more pronounced on the column with a lower concrete 
strength (i.e. M1). The axial load capacity of the ECFST column compared to that of 
CFST increases by 20% and 14% for M1-E6 and M3-E6, respectively.  
 




 Comparisons between the load-deformation relationships of Group A (0% 
EA) and B (6% EA) specimens are shown in Figure 4.20 (a&b). Despite the observed 
improvement in the axial load capacity of Group B specimens compared with Group 
A, the results show that the behavior of ECFST columns has higher strength 
degradation compared with that of CFST columns. Figure 4.21 (a&b) also shows that 
using EA increases the initial stiffness of the ECFST specimens, especially when using 
NSC. On the other hand, using a high EA dosage with HSC results in a reduction in 
initial stiffness due to the adverse effect of EA on HSC and the reduction in the 
ultimate capacity, as shown in Figure 4.19 and Figure 4.21 (c). The results indicate 
that the most favorable EA dosage for the ECFST short columns is 6%, particularly 
for HSC. 
The comparison between the ultimate axial loads for Series 2 specimens 
illustrates the impacts of EA on axial load capacity, as shown in Figure 4.22. It is 
noteworthy that the EA dosages used with the Series 2 columns are 0% and 12% to 
reduce the number of the long column specimens. It is shown that the ECFST columns 
provided with a 12% EA exhibit an increase in the axial load capacity compared to 
that of CFST columns. The increase in the ECFST strength is more pronounced for the 
LM1 column with the unconfined concrete compressive strength of 38 MPa. The 
increase in the axial load capacity of LM1-E12 column compared to that of LM1 is 
64%, while the increase in the capacity of LM0-E12 is 5% compared to that of LM0. 
Despite the observed improvement in the axial load capacity of Group B specimens 
(12% EA) compared to Group A (without EA), the comparisons between the load-
deformation relationships shown in Figure 4.23 (a) & (b) confirm that the behavior of 
ECFST columns has higher strength degradation compared with that of CFSTs, 







Figure 4.20: Load-Deformation Relationships of ECFSTs: (a) Group A, (b) Group B, 







Figure 4.21: Load-Deformation Relationships of ECFSTs: (a) Mix M1, (b) Mix M2, 
and (c) Mix M3 
(a) Mix M1 
(c) Mix M3 







Figure 4.22: Load-Deformation Relationships of Series 2 specimens: (a) Mix M0, 




(a) Mix M0 







Figure 4.23: Load-Deformation Relationships of Series 2 Specimens: (a) Group A, 
and (b) Group B 
 
4.3.1 Impact of EA and Concrete Strength on Strain 
The results presented in Figure 4.1 to Figure 4.12 show the axial load-strain 
relationships of the ECFST and CFST short columns (Series 1), where the strains 
represent the average values of the strain gauges at the same cross-section level. It is 
seen that the axial load-strain curves change with changing the concrete strength, 





 In CFST columns where the concrete and steel tube are loaded simultaneously, 
the confinement received by concrete is a result of the interaction between the concrete 
and steel tube. This interaction strongly depends on the expansion characteristics of 
the two materials (e.g. different Poisson's ratios in the initial loading stage). The steel 
tube expands faster than concrete in the initial stage of loading because of its larger 
initial Poisson's ratio (i.e. about 0.3 for steel compared to around 0.2 for concrete). 
Hence, the concrete in CFST specimen is subjected to small tensile radial stresses from 
the steel tube until the bond between the steel tube and the concrete breaks down. 
These radial stresses are so small that they have little effect on the behavior of concrete. 
On the contrary, the concrete of ECFST specimen is subjected to radial compression 
from the steel tube in the initial stage of loading resulting from using EA. The bond 
between the steel tube and concrete is sufficient to delay cracking of concrete and 
enhance the stiffness of the specimens, as shown in Figure 4.24. When the axial strain 
of specimen reaches the cracking limit, depending on the concrete strength and EA 
ratio as shown in Figure 4.25, the concrete starts to dilate significantly and faster than 
the steel tube, and it pushes the steel tube outward. This behavior results in a confining 
pressure at the interface and hoop tensile stresses in the steel tube. Hence, the steel 






Figure 4.24: Axial Load-Strain Relationships: (a) Mix M1, (b) Mix M2, and (c) Mix 
M3 
(a) Mix M1 
(b) Mix M2 






 Figure 4.25: Axial Strain Values at the Peak Load Level with and without EA 
The comparison between the axial strain of Series 1, Figure 4.26, shows that 
the initial stiffness of the Group A specimens is notably higher for the HSC specimens. 
Increasing the concrete strength from 40 MPa (i.e. M1) to 90 MPa (i.e. M3) 
significantly increases the CFST axial strength capacity by 76% (i.e., from 471 to 830 
kN). The ultimate axial strength capacity is observed at an axial strain of 0.32% and 
0.77% for the M3 and M1 specimens, respectively. The behavior of NSC short CFST 
columns (i.e., M1 and M2) after cracking of concrete is very ductile and a high axial 
strain is observed before failure. For the HSC (M3) specimen, rapid strength 
degradation is observed and the load drops rapidly to 58% of the maximum axial 
strength. This confirms that the post peak degradation of M3 is much higher than M1 
and M2. This phenomenon is due to the fact that the CFST column capacity in the 
post-elastic range is maintained if sufficient confining pressure is provided. Using 
NSC reduces the rapid strength degradation and maintains reasonable confining 
pressure in the post-elastic range compared to HSC, and hence specimens M1 and M2 
exhibit less post peak degradation than M3. The results indicate that using NSC with 







Figure 4.26: Axial Load-Strain Relationships: (a) Group A, (b) Group B, and (c) 




The axial load-hoop strain curves are shown in Figure 4.27 for all specimens, 
where the x-axis represents the hoop strain of the horizontal strain gauges (HSG) used 
for each specimen. When comparing the CFST specimens with ECFST columns, the 
results indicate that the effect of using EA on the hoop strain varies. However, the 
maximum hoop strain increases for NSC (i.e. M1) with high EA ratio (i.e. 12% and 
24%). For HSC, the effect of EA on the hoop strain is not pronounced due to the rapid 
failure and strength degradation of HSC specimens.   
The comparison between the axial strain of Series 2, as shown in Figure 4.28, 
illustrates that the initial stiffness is comparable for specimens with the same concrete 
mix (i.e. M0 or M1). Moreover, increasing the concrete strength from 16 MPa to 38 
MPa (i.e. LM0 and LM1) increases the CFST columns axial strength capacity by 8% 
(from 1046 to 1131 kN).  Moreover, increasing the concrete strength of the specimens 
with EA (i.e. from LM0-E12 to LM1-E12) significantly increases the ECFST columns 
axial strength capacity by 69% (from 1097 to 1851 kN).   
The behavior of concrete in long CFST columns (i.e., for the LM0 and LM1) 
after cracking is ductile and a high axial strain is observed before failure. The strain 
hardening of the LM1-E12 is much higher than LM1. This is because the ECFST 
column capacity improves after the first concrete cracking because the confining 
pressure from steel tube when using EA efficiently enhances the axial capacity of the 
column. The results indicate that most promising concrete mix is M1 (i.e. with concrete 
strength of 38 MPa), which results in a significant enhancement in the confining 








Figure 4.27: load-hoop strain relationships of (a) Mix M1, (b) Mix M2, and (c) Mix 
M3 
(a) Mix M1 
(b) Mix M2 












(a) Mix M0 




4.4 Concluding Remarks 
The test results of sixteen ECFST specimens indicated that the ECFST 
specimens mainly failed by diagonal cracking of concrete core. In addition, using EA 
enhanced the axial strength of ECFST specimens, where the most promising EA 
dosage for the ECFST short columns was 6%, particularly when using HSC. An 
adverse effect of EA is observed on the axial strength of the ECFST column specimens 
with HSC (i.e. M3) when the EA dosage increased to 12% and 24%. For an EA ratio 
of 6%, the increase in the ECFST strength is more pronounced on the columns with a 
lower concrete strength (i.e. M1). The comparisons between the load-deformation 
relationships of Group A (0% EA) and B (6% EA) specimens indicated that the 
behavior of ECFST columns has higher strength degradation compared with that of 
CFST columns. The axial load-strain relationships of the ECFST and CFST short 
columns indicated that the axial capacity of CFST columns increased by up to 76% 
with increasing the concrete strength. Using EA with a concrete strength of 40 MPa 
led to the most pronounced enhancement in the confining pressure and axial load 







5.1 Fiber-Based Modeling (FBM) 
The analytical modeling for the inelastic analysis of the CFST and ECFST 
specimens is performed using the fiber-based analysis tool SeismoStruct (SeismoSoft, 
2014). SeismoStruct is a modern analysis platform utilizing the fiber modelling 
approach. It is capable of predicting the large displacement behavior of space frames 
under static or dynamic loading, taking into account both geometric nonlinearities and 
material inelasticity. It is worth noting that a number of previous analytical studies 
related to CFSTs adopted this modeling approach (e.g. Perea, 2010; Tort, 2007). The 
aim of this analytical study is to investigate the effectiveness of SeismoStruct in 
predicting the axial behavior of CFST and ECFST columns and compare the results 
with those obtained from testing. To achieve this goal, various modeling techniques 
are implemented and compared to select the most suitable one for this study. The 
material constitutive models for concrete and steel and other modeling considerations 
are selected based on those available in the SeismoStruct library and the 
recommendations of previous studies. Inelastic analyses under an increasing axial load 
are carried out to assess the response of the tested CFST and ECFST specimens using 
the SeismoStruct analytical models discussed in subsequent sections.  
5.1.1 Boundary Conditions and Element Types  
The CFST/ECFST columns are modeled as per the test setup. Concerning the 
boundary conditions, the specimen end is considered fixed at the bottom (i.e. all 
translational and rotational degrees of freedom, DOFs, are restrained). The 




directions, while the vertical movement and all rotational DOFs are released under 
axial loading.  
The inelastic force-based frame element type (infrmFB) is selected from 
SeismoStruct to model the specimens. This element is capable of predicting the 
inelastic behavior of space frames, considering geometric and material nonlinearities. 
The sectional stress-strain state of the element is obtained through the integration of 
the nonlinear uniaxial material response of the individual fibers in which the section is 
subdivided. This modeling approach fully accounts for the spread of inelasticity along 
the member length and across the section depth. As discussed in the SeismoStruct user 
manual (SeismoSoft, 2014), the infrmFB element is the most effective one among the 
four element types available in the software library since it is capable of capturing the 
inelastic behavior along the entire length of a structural member, even when employing 
a single element per member. Hence, infrmFB enables to obtain results from inelastic 
analysis with a high accuracy.  
Figure 5.1 describes the adopted fiber-based modeling approach of a CFST 
specimen using SeismoStruct. The number of section fibers used at each of the element 
integration sections is 240, as shown in Figure 5.1 (a). The adopted column cross-
section is a composite circular section (ccs). Each column is divided into forty equal 
infrmFB elements, as depicted in Figure 5.1 (b) and (c).  
5.1.2 Material Modeling 
Two types of material models are considered in the current study. The Mander 
nonlinear concrete model (con_ma) is adopted for the filled-in concrete while the 
Menegotto-Pinto steel model (stl_mp) is selected for the steel tube. The Mander 




programmed by Madas (1993), that follows the constitutive relationship proposed by 
Mander et al. (1988) and the cyclic rules proposed by Martinez-Rueda (1997), as 
shown in Figure 5.2. The confinement effects provided by the steel tube are 
incorporated through the rules proposed by Mander et al. (1988). The confinement 
factor employed by this material type is a constant confinement factor. It is defined as 
the ratio between the confined and unconfined compressive stress of the concrete and 
used to scale up the stress-strain relationship throughout the entire strain range. Its 
value usually ranges between 1.0 and 4.0 (SeismoSoft, 2014). In the present study, the 
confinement factors are estimated using the Liang and Fragomeni (2009) approach. 
Since this approach does not account for the EA effect, the confinement factors of the 
ECFST columns with 6% EA are increased by 35%. This value is justified by the 
higher axial load capacity obtained from these columns, as obtained from Figure 4.19. 
For CFST Series 2 columns, the confinement factors estimated using the Liang and 
Fragomeni (2009) are increased by 50%. The results presented hereafter support the 
adopted confinement factors in the present study.  
The uniaxial parameters for the concrete model are similar to the true properties 
based on the experimental results discussed in Chapter 3, where the modulus of 
elasticity is determined through the material tests and the ACI recommendations (ACI, 
2014). The strain of the unconfined concrete at peak stress is set to 0.002. For the M1 
specimen, the maximum uniaxial compressive stress is 38 MPa, while this value varies 
for other columns as obtained from the average concrete results shown in  
For the steel material modeling, the Menegotto-Pinto steel model (stl_mp) is 
selected from the SeismoStruct library. This is a uniaxial steel model initially 
programmed by Yassin (1994) based on an efficient stress-strain relationship proposed 




by Filippou et al. (1983). For the multilinear stress-strain curve values, the elastic 
modulus is 200 GPa, uniaxial yield strength is 239 MPa. These values are selected 
based on the coupon test results shown in Table 3.5 while other modeling parameters 
are selected based on the recommendations of SeismoStruct. Figure 5.3 shows the 
uniaxial stress-strain curve for steel material used in the SeismoStruct analysis.  
 
                     
                               (a)                                     (b)                            (c) 
Figure 5.1: Fiber-Based Modeling of CFST Specimen: (a) Cross Section A-A, (b) 
CFST Fiber-Based Model, and (c) Overall Model with Applied Loading   
 
  











Figure 5.3: Stress-Strain Relationship of the Menegotto-Pinto Steel Model (stl_mp) 
5.1.3 Analysis Result of CFST using Fiber-based Models 
Using the above-mentioned fiber-based models, the axial capacity of the CFST 
composite columns are evaluated from inelastic analysis. For Series 1 specimens, the 
tube outer diameter, tube thickness and height are 89.6 mm, 2 mm and 370 mm, 
respectively. For Series 2 specimens, the tube outer diameter, tube thickness and height 
are 152.4 mm, 3 mm and 1500 mm, respectively. The adopted boundary conditions 
and element properties are as previously explained. An incremental vertical load in the 
Z-direction is applied at the top of the specimen. The inelastic analysis is carried out 
to simulate the axial behavior of the columns and compare the results with those 
obtained from testing. In this study, the load control phase is selected for conducting 
the inelastic analysis, where the load factor is directly incremented and the global 
structural displacements are determined at each load factor level. The performance 
criteria check is implemented by providing the buckling strain of the steel tube, which 
is selected based on the recommendations of previous studies, and the ultimate 
confined concrete strain related to each of the tested concrete specimen (Schnabl et al., 
2015). During the analysis, SeismoStruct monitors these performance criteria and 




The comparison between FBM and test results indicate that the FBM predicts 
well the ultimate capacity of the tested specimens, as shown in Table 5.1. Moreover, 
the load-deformation relationships predicted by FBM are compared with the 
experimental results. Sample results of these comparisons are presented in Figure 5.4 
for the specimens with the same concrete mix (i.e. Mix M1) when different EA ratios 
are used. It is shown that the ultimate capacity predicted by FBM is close to that of the 
actually tested specimen while the initial stiffness of FBM is slightly higher than the 
experimental results. The strength degradation in the post peak segment of the load-
deformation curves is not predicted well using FBM. The above-mentioned 
observations are also shown from the comparisons between the FBM and experimental 
results for specimens with the same EA ratio (i.e. 6%) and different concrete mixes 
(i.e. Mix M1 and M2), as shown in Figure 5.5. The FBM results of all specimens are 
compared with actual test results in Table 5.1 while Figure 5.6 pictorially depicts 
comparisons between the FBM versus test results. The comparison of FBM results 
versus those of Series 1 test presented in Figure 5.6(a) show that the average error is 
6%, while the comparison of all specimens shown in Figure 5.6(b) indicate that the 
average error is 8%.  
Based on the comparisons presented in Table 5.1, Figure 5.4, Figure 5.5, and 
Figure 5.6, it is concluded that FBM can be used to conduct further parametric studies 
to investigate different parameters other than those studied in the present study, such 
as steel tube cross-section dimensions and material properties. On the other hand, the 
strength degradation in the post peak segment of the load-deformation curves is not 
predicted well using FBM. Hence, another modeling and analysis tool is employed in 
the subsequent section, aiming at providing an improved prediction of whole load-




Table 5.1: Comparison of FBM Analysis versus Experimental Test Results of Short 




Figure 5.4: Comparison of Test Results versus Fiber-Based Modeling Results for M1 













































  PU (kN) 
1 
A 




M2 52 550 
M3 92 734 
B 




M2-E6 45 610 
M3-E6-A 77 866 
C 
M1-E12-A 53 543 
804 
541 
M3-E12 85 706 
D 
M1-E24 59 565 
688 
588 
M3-E24 71 650 
2 
A LM0 16 1046 795 
 LM1 39 1131 1262 
B LM0-E12 29 1097 1104 






Figure 5.5: Comparison of Test Results versus Fiber-Based Modeling Results for 
M1-E6 and M2-E6 Specimens    
 
(a)                                                                               (b) 
Figure 5.6 Comparison of Test Results versus Those of Fiber-Based Modeling: (a) 




































































































5.2 Finite Element Modeling  
Detailed nonlinear analysis, using the finite element method (FEM), is 
employed to verify the experimental results and the mechanical behavior of the CFST 
columns. In this method, the specimen is divided into a large number of finite 
elements. By applying FEM, it is possible to conduct complex analysis of composite 
structures such as CFST and ECFST columns, which are difficult to be described in 
mathematical forms. FEM requires demanding modeling and computations in order to 
obtain the desired results such as the nonlinear behavior of materials or stress-strain 
distribution throughout the entire model. Recently, it has become possible to reduce 
the computation time of complex specimens using fast computers, and thus several 
FEM tools have been adopted in recent studies to predict the behavior of CFST 
columns (e.g. Kazancı & Bathe, 2012; Choi, 2007 and Kawakami & Ito, 2003).  
The aim from conducting the FEM analysis is to provide a better prediction for 
the nonlinear behavior of CFST and ECFST columns, particularly the deformed 
shapes, and compare the results with those obtained from testing and FBM. Various 
modeling techniques and boundary conditions are reviewed to achieve this goal. 
Proper material constitutive models for concrete and steel are adopted based on this 
review. The Automatic Dynamic Incremental Nonlinear Analysis program ADINA 
9.0.0, which was developed by Bathe (1977), was adopted in the present study to verify 
and compare the results of FEM and testing, and hence provide better insights into the 
behavior of CFST columns. 
5.2.1 Element Types and Boundary Conditions 
The typical FEM model of CFST consists of three main elements: (i) filled-in 




concrete and loading plate are modeled by 3-D 8-node solid elements while the steel 
tube is modeled using 4-node shell elements. The interaction between the filled-in 
concrete and steel tube is modeled using a 3-D contact element, which allows 
simulating the contact effect. The contact element definition is chosen based on the 
ADINA theory and modeling guide (Bathe, 2012) in addition to the recommendations 
of previous studies (e.g. Xiamuxi et al., 2014 and Choi, 2007). Several different 
combinations of element sizes are utilized to optimize the computational time and 
accuracy. Typically, when too coarse mesh combinations are used, gross errors in the 
results and large differences with the experimental results are obtained. Finer mesh 
combinations reduce modeling errors but inevitably require long computational time. 
In addition, using denser mesh sizes does not effectively decrease the errors in 
comparison to optimized meshes.  
For the boundary conditions, the bottom surface of the model is considered 
fixed and all translational and rotational DOFs are restrained. The loading plate is fixed 
at the top surface and the translational DOFs are restrained in the X- and Y-directions, 
while the vertical movement and all rotational DOFs are released during the loading 
to simulate the loading process of the testing machine. Figure 5.7 shows the FEM 
model and boundary conditions adopted for a CFST column specimen. 
 





5.2.2 Material Modeling 
Three types of material models are considered in the current study to represent 
the nonlinear compression and tension filled-in concrete, multilinear elastic-plastic 
steel tube, and isotropic linear elastic rigid loading plate. The material used for 
modeling the filled-in concrete and steel tube are explained in detail in subsequent 
sections. A nonlinear FEM model is developed to simulate the axial behavior and 
failure mode of one of the CFST samples tested in the present study. The results 
obtained from the previously described testing program are used to verify the 
simulation model developed in this study. The studied specimen is M1, which has a 
concrete strength of 38 MPa, steel tube thickness of 2 mm, and an outer diameter of 
89.6 mm. The failure mode and axial displacement results of the specimen are 
considered to compare the analytical and the experimental results. 
5.2.2.1  Modeling of Concrete  
For the concrete material modeling, the data fitted (DF) concrete model, which 
is built in ADINA, is adopted. This  model is based on the work of Kotsovos (1995) 
and other researchers, and it can be employed with the 3-D solid element. In addition, 
the DF concrete model can be used with both large and small displacement 
assumptions. According to the ADINA theory and modeling guide (Bathe, 2012), the 
characteristics of concrete can be considered as an isotropic material with a nonlinear 
behavior in compression followed by a brittle post-peak behavior. This response is 
characterized by a complete and immediate loss of the load carrying capacity after the 
ultimate strength is attained, as shown in Figure 5.8. The failure is captured in the 
stress space via a failure surface and it usually occurs first in all possible triaxial states 
of stress except the fully compressive triaxial stress state, as discussed in more detail 




The uniaxial parameters for the concrete model are similar to true properties 
based on the experimental results discussed in Chapter 3, where the modulus of 
elasticity is determined through the material tests and ACI recommendations (ACI, 
2014). Poisson’s ratio is set to 0.2. The maximum uniaxial compressive stress is 38 
MPa for the M1 specimen. The collapse analysis approach is selected, in which 
incremental displacement at the top of the specimen is applied. The incremental 
displacement and maximum displacement values are set to 0.001 mm and 30 mm, 
respectively.  
 
Figure 5.8: Stress-Strain Behavior of the Data Fitted (DF) Concrete Model 
5.2.2.2  Modeling of Steel  
For the steel material modeling, a multilinear elastic-plastic material model is 
selected from those available in ADINA. This model allows for isotropic or kinematic 
multilinear hardening rules. The isotropic hardening rule is selected for this analysis 
based on previous studies (e.g. DorMohammadi & Khoei, 2008). The Poisson’s ratio 
and elastic modulus are set to 0.3 and 200 GPa, respectively. The coupon test results 
are utilized to model the multilinear stress-strain curve. As explained in Chapter 3, a 




while the stress-strain curve is obtained through a regression analysis from test results. 
The uniaxial yield strength is set to 239 MPa. The uniaxial ultimate tensile strength 
and strain are set to 303 MPa and 0.3, respectively. Figure 5.9 shows the adopted 
uniaxial stress-strain curve for the steel material, as obtained from ADINA. 
 
 
Figure 5.9: Uniaxial Stress-Strain Curve of Steel, as Used in ADINA 
 
To verify the steel material model, the study of Choi (2007) is used. A 3D 
model is developed in ADINA using solid elements for compression with previous test 
results of steel tubes. The Multilinear Elastic-Plastic material steel model is used to 
predict the mechanical behavior of the steel tube under compression loads. The steel 
tube size is similar to that tested in the above-mentioned study (i.e. 152.4 mm diameter, 
381 mm height and 2.95 mm thicknesses). The boundary conditions are as previously 




small strain assumption is adopted (Bathe, 2012). The collapse analysis module in 
ADINA is also selected to solve the model, in which incremental displacements are 
applied to the top of steel tube. The incremental displacement and maximum 
displacement values are set to 0.001 mm and 300 mm, respectively. The collapse 
analysis procedure in ADINA automatically calculates the suitable load value 
corresponding to the pre-described displacement.  
Figure 5.10, Figure 5.11 and Figure 5.12 show comparisons between the 
experimental results and those obtained from FEM by Choi, 2007 as well as the results 
of the ADINA analysis conducted in the present study. It is shown from the presented 
results that the developed FEM in the present study predicts well the results of the steel 
tube tested in the previous study. 
 
 
       (a)                                          (b)                                          (c) 
 
Figure 5.10: Comparison Between the Deformed Shapes of the Steel Tube Tested by 
Choi (2007) with the Results of the Present Study: (a) Tested Specimen by Choi 





Figure 5.11: Comparison between the Experimental and FEM Results Reported by 
Choi (2007) 
 
Figure 5.12 Load-Deformation Relationships Obtained From the ADINA FEM 
Analysis Conducted in the Present Study for the Steel Tube Tested by Choi (2007) 
 
5.2.3 Analysis Results of CFST using FEM  
Using the material properties previously discussed, composite columns are 
assessed using FEM. The studied tube outer diameter, tube thickness and height are 




characteristics between concrete and steel tube are as previously discussed. A large 
displacement and small strain assumption for steel tube is employed while a small 
displacement and small strain assumption for concrete is used in analysis, as 
recommended in previous studies. The collapse analysis module is selected to solve 
the model, in which incremental displacement is applied at the top of the steel tube. 
The incremental displacement and maximum displacement values are set to 0.001 mm 
and 300 mm, respectively. The collapse analysis procedure in ADINA automatically 
calculates the suitable load value corresponding to the pre-described displacement. 
A comparison between FEM analysis and test results is presented in Figure 
5.13, The FEM analysis results show good agreement with the experimental results of 
the M1 specimen in terms of the overall failure mode. As observed in the tested 
specimen, the dominant failure mode in the FEM analysis of the CFST column is 
crushing of filled in concrete. In addition, the steel tube slightly bulged outwards near 
the loading ends, while it locally buckled at one-third of the column high measured 
from the loading end, as shown in Figure 5.13. The load-deformation relationship 
predicted by the developed FEM is compared with the experimental results for the 
same ECSFT specimen (i.e. M1), as shown in Figure 5.14. The initial stiffness and 
ultimate capacity predicted by FEM are relatively close to those of the actually tested 
specimen.  In particular, FEM better predicts the initial stiffness compared with FBM. 
However, the strength degradation in the post peak branch of the load-deformation 
curve is not predicted well using the adopted FEM. Based on the above comparisons 
and despite the effectiveness of FEM in predicting the failure mode and ultimate 
capacity of CFST, it is concluded that the adopted FBM provides comparable ultimate 
axial capacity and require less modeling and computational efforts. Hence, no 




FEM. The FBM is recommended for conducting further parametric studies to 
investigate the implications of different parameters on the axial capacity of CFST. 
                
Figure 5.13: Comparison between Deformed Shapes of the CFST Specimen M1 
Obtained From Testing and ADINA Collapse Analysis 
 
 
Figure 5.14: Comparison between the Load-Deformation Relationships of the CFST 




5.3 Prediction Approaches 
Previous experimental results indicated that the degree of confinement of the 
concrete core has a significant influence on the load capacity of CFST columns under 
concentric loading. An internal pressure develops between the steel tube and concrete 
core at high loading levels, creating a tensile hoop stress in the steel tube. Due to this 
confining effect, the compressive strength of the concrete will be augmented. The 
increase of axial load capacity due to the concrete confinement provided by the steel 
tube depends on a number of parameters, which define the degree of confinement of 
the concrete. Different formulae were proposed over the past years to calculate the 
axial capacity of the CFST columns. In this section, the test results obtained from the 
present study as well as those collected from the literature are verified with the 
prediction approaches suggested by other researchers, namely Susantha et al. (2001), 
Hu et al. (2003) and Liang and Fragomeni (2009). Moreover, the prediction 
approaches recommended by design codes, namely AISC (2005) and Eurocode4 
(2006), are also compared with the test results. 
5.3.1 AISC Code 
For concrete and structural steel composite systems, a number of limitations 
are imposed by AISC (2005) unless justified by testing or analysis. The concrete 
strength should have a compressive strength, ƒ′c, not less than 21 MPa and not more 
than 70 MPa, for normal weight concrete.  Higher strength concrete material properties 
may be used for stiffness calculations but may not be relied upon for strength 
calculations unless justified by testing or analysis. The specified minimum yield stress 




exceed 525 MPa. The cross-sectional area of the steel section shall comprise at least 
1% of the total composite cross-section. 
As per AISC, local buckling of CFST should be accounted for. Hence filled 
composite sections are classified as compact, non-compact or slender. For a circular 
section to qualify as compact, the maximum diameter-to-thickness (D/t) ratio shall not 
exceed the limiting slenderness parameter for the compact element, λp. If the maximum 
D/t ratio exceeds λp, but does not exceed the limiting slenderness parameter for the 
non-compact element, λr, the filled composite section is considered non-compact. If 
the maximum D/t ratio exceeds λr, the section is considered slender. The maximum 
permitted D/t ratio shall be the slenderness parameter, λmax. the limiting slenderness 

















Es is the modulus of elasticity of steel (MPa) 
Fy is the specified minimum yield strength of the steel section (MPa) 
 
The compressive strength of axially loaded doubly symmetric filled composite 





when   
Pno
Pe
 ≤ 2.25 




when   
Pno
Pe
 ≥ 2.25 
𝑃n = 0.877 𝑃e  5.5 
where, 




EIeff is the effective stiffness of composite section, (N-mm
2) = Es Is + C3Ec Ic 
K is the effective length factor 
L is the laterally unbraced length of the member, (mm) 
Ec is the modulus of elasticity of concrete (MPa) 
Ic is the moment of inertia of the concrete section, (mm
4) 
Is is the moment of inertia of steel tube, (mm
4)  
C3 is a coefficient for calculation of effective rigidity of filled composite 




Pn is the nominal compressive strength, (N) 
Pno is the nominal compressive strength of zero length, doubly symmetric, 
axially loaded composite member, and shall be determined as follows: 





C2 = 0.95 for round sections 
Ac is area of concrete, (mm
2) 
As is area of the steel tube, (mm
2) 
(b) For non-compact sections: Pno = 𝑃e −
𝑃p −𝑃y
(λr−λp)2
(λ − λp)2                                  5.7 
where Py = Fy As+0.7 ƒ′c Ac5.8 
(c) For slender sections: Pno = Fcr As+0.7 ƒ′c Ac5.9 
where 











5.3.2 Eurocode 4 
For concrete and structural steel composite systems, a number of limitations 
are imposed by Eurocode4 (2006) unless justified by testing or analysis. The concrete 
strength shall have compressive strength classes C20/25 to C50/60 for normal weight 
concrete. The specified minimum yield strength of the structural steel used in 
calculating the strength of composite members shall be ranged from S235 to S460. The 
steel contribution ratio, δ, should fulfill the range 0.2 to 0.9. The effects of local 







                                                                                5.11                          




For CFST of circular cross-sections, account may be taken of increase in 
strength of concrete caused by confinement provided that the relative slenderness, ?̅?, 
does not exceed 0.5. The plastic resistance to compression of a composite cross-
section, Np1,Rd, should be calculated by adding the plastic resistances of its components, 
as fol1ows: 





 )                                                           5.12 
where, 
ƒcd is the design value of the cylinder compressive strength of concrete (MPa) 
ƒck is the characteristic value of the cylinder compressive strength of concrete 
at 28 days (MPa) 
ƞa , ƞao are factors related to the confinement of concrete, where for members 
with an eccentricity of loading e = 0 the values ƞa = ƞao and ƞc = ƞco, and are 
given by the following expressions: 
ƞao = 0.25 (3 + 2 ?̅?  ) ≤ 1                                                                 5.13 
ƞco = 4.9 - 18,5 ?̅?  + 17 ?̅?2 ≥ 0                                                         5.14 




                                                                                        5.15 
where, 
Npl,Rk is the characteristic value of the plastic resistance to compression, given 
by: Np1,Rk =  As ƒy +Ac ƒcd                                                                                                                                      5.16                                                  







                                                                                   5.17 
EIeff is the effective stiffness of composite section, N-mm
2, given by 
EIeff  = Es Is + ke Ecm Ic                                                                                                        5.18 
where, 
Ke is a correction factor, taken as 0.6 
Ecm is the modulus of elasticity of concrete 
5.3.3 Susantha et al. (2001)  
Although the prediction models proposed by previous researchers were 
reviewed in Chapter 2, selected models are discussed in more detail in this chapter. 
The model proposed by Susantha et al. (2001) assumed uniaxial stress-strain 
relationships for concrete confined by steel tubes with various shapes. For circular 
CFST columns, the confining pressure model proposed by Tang et al. (1996) was used. 
Available experimental results were used to determine the post-peak stress–strain 
relation. It was concluded that the highest confinement pressure was observed in 
circular columns, while the uniaxial compressive concrete strength was given by:  
ƒ′cc    = ƒ′c + m ƒrp                                                                                                                                       5.19 
where m is an empirical coefficient ranging from 4 to 6 for normal strength concrete 
(Sugupta & Mendis, 1995). Susantha et al. (2001) assumed m to be 4. The maximum 
radial pressure on concrete, ƒrp, for circular tubes proposed by Tang et al. (1996) is 








where the factor β = ѵe -  ѵs, and ѵe and ѵs are the Poisson’s ratios of a steel tube with 
and without filled-in concrete, respectively. In the present study, ѵs is taken equal to 
0.3 and ѵe is given by the following expressions: 
ѵe = 0.2312 + 0.3582 ѵ'e − 0.1524 (
ƒ'c
ƒy
) + 4.843ѵ'e (
ƒ'c
ƒy
) − 9.169 (
ƒ'c
ƒy
) 2                        5.21 
ѵ'e  = 0.881×10-6 (D/t)3 −  2.58×10-4(D/t)2 + 1.953×10-2(D/t) + 0.4011 5.22 
The above equations are applicable for (
ƒ'c
ƒy
) ranging from 0.04 to 0.20 
5.3.4 Hu et al. (2003)  
Hu et al. (2003) developed a confining pressure model for CFST columns 
based on normal strength materials. The experimental data from Schneider (1998) and 
Huang et al. (2002) were used to verify and calibrate the proposed material model. The 
relations between uniaxial compressive strength, ƒ′cc, and unconfined concrete, ƒ′c,  
were estimated by the following equations, as proposed by Mander et al. (1988):  
ƒ′cc    = ƒ′c + k1 ƒl                                                                                                                                           5
.23 
where k1 is a constant that can be obtained from experimental data. The constant k1 is 
set to 4.1 based on the studies of Richart and Brandtzaeg (1928). The confining 
pressure around concrete, ƒl, for circular cross-sections is obtained from the following 
two empirical equations depending on the D/t ratio and steel yield strength, as 
proposed by Hu et al. (2003):  
ƒl / ƒy  = 0.043646 −  0.000832(D/t)            21.7≤(D/t)≤47                                 






5.3.5 Liang and Fragomeni (2009) 
Liang and Fragomeni (2009) proposed design formula accounting for the 
concrete confinement effects. The concrete compressive strength model proposed by 
Mander et al. (1988) was used with a strength reduction factor γc. Based on the work 
of Tang et al. (1996) and Hu et al. (2003) as well as the experimental results and 
numerical analysis of Sakino et al. (2004) and Giakoumelis and Lam (2004), Liang 
and Fragomeni (2009) proposed the following model for the confining pressure: 
ƒ′cc    = γc ƒ′c + k1 ƒrp                                                                                                                                5
.25 
𝛾c = 1.85 𝐷c 
−0.135
               0.85 ≤ 𝛾c ≤ 1                                                                              5.26  
where ƒrp is the lateral confining pressure on the concrete core, and k1 is a constant that 
can be determined based on the study of Richart and Brandtzaeg (1928). The constant 
k1 is set to 4.1 in the study of Liang and Fragomeni (2009). The lateral confining 
pressure, ƒrp, which depends on both the material properties and geometry of the 
column, is given by:  
ƒrp = 0.7 (ѵe −   ѵs)
2𝑡
 𝐷 − 2𝑡
ƒy                                                               (𝐷/𝑡) ≤47 
ƒrp  = (0.006241 −  0.0000357(D/t)   ) ƒy           47 ≤ (D/t) ≤ 150 
where ѵe and ѵs are the Poisson ratios of a steel tube with and without filled-in 
concrete, respectively. In the present study, ѵs is taken equal to 0.3 and ѵe is given by 
the following expressions: 
ѵe = 0.2312 + 0.3582 ѵ'e − 0.1524 (
ƒ'c
ƒy
) + 4.843ѵ'e (
ƒ'c
ƒy
) − 9.169 (
ƒ'c
ƒy
) 2    5.28 





The above equations are applicable for (
ƒ'c
ƒy
) ranging from 0.04 to 0.20. 
5.3.6 Comparison of Test Results with Prediction Approaches 
Previous studies conducted on CFST and ECFST are collected and 
summarized in Table 5.2. The results are pictorially depicted in Figure 5.15 to Figure 
5.22 in terms of the axial load capacity versus concrete compressive strength, steel 
yield strength, D/t ratio, and specimen length. The test results are presented separately 
for CFST and ECFST specimens. The presented results indicate that the previous 
CFST tests covered wide ranges of concrete compressive strength (20 to 110 MPa), 
yield strength (250 to 600 MPa), D/t ratio (25 to 75) and specimen length (250 to 1500 
mm). On the other hand, the results show that the previous ECFST tests covered few 
specimens with limited ranges of concrete compressive strength (30 to 55 MPa), yield 
strength (343 to 420 MPa), D/t ratio (mostly 25) and specimen length (420 to 1800 
mm). 
Different prediction approaches were proposed by design provisions and 
previous researchers to calculate the axial capacity of the CFST columns (Susantha et 
al., 2001, Hu et al., 2003, Liang & Fragomeni, 2009, Eurocode4, 2006 and AISC, 
2005). In this section, the collected results from the literature for CFST are compared 
with these prediction approaches, as shown in Figure 5.23 and Figure 5.24. The results 
indicate that the design code recommended approaches do not provide realistic 
prediction for the axial capacity of the CFST. The average difference percentage 
between the ultimate axial capacity observed from testing (Pu) and that predicted by 
the Eurocode4 and AISC codes (PPred) is 30% and 26%. This is mainly due to the 
constant factor adopted by the design codes to account for the increase in axial load 




the prediction approaches suggested by previous researchers, namely Susantha et al. 
(2001), Hu et al. (2003) and Liang and Fragomeni (2009), provide better prediction of 
the confined concrete compressive strength, ƒ′cc, depending on different factors such 
as the specimen diameter and length, tube thickness, and concrete compressive 
strength. Hence, adopting ƒ′cc predicted by the above-mentioned studies to calculate 
the axial capacity of CFST reduces the dispersion in the predicted axial load capacity 
compared with test results. As shown in Figure 5.23 the predicted axial capacity of 
CFSTs by the Eurocode4 (2006) design code using the Susantha et al. (2001) approach 
for calculating ƒ′cc results in the best correlation with test results (i.e. 13% average 
difference percentage). Moreover, the predicted axial capacity of CFST by AISC 
(2005) using the Liang and Fragomeni (2009) prediction approach for calculating ƒ′cc 
results in the best correlation with previous tests (i.e. 14% average difference), as 
shown in Figure 5.24.  
The collected results from the literature for ECFST are compared with the 
above-mentioned prediction approaches, as shown in Figure 5.25 and Figure 5.26. The 
results indicate that the prediction approaches recommended by the design codes as 
well as those suggested by previous researchers underestimate the ultimate axial 
capacity of the ECFST (i.e. 59% average difference). Hence, an efficient prediction 
approach specifically developed for ECFST is highly needed to estimate the axial load 
capacity of such columns and account for the higher confinement provided by steel 
tubes when the EA is used in concrete mix. This prediction approach is beyond the 






Table 5.2 Properties of Specimens Tested in Previous Studies Related to CFST Columns  

















CU-040 200 5.0 840 265.8 27.15 2016.9 
CFST, Huang 
et al. (2002) 
CU-070 280 4.0 840 272.6 31.15 3025.2 
CU-150 300 2.0 840 341.7 27.23 2607.6 
CC4-A-2 149 2.96 447 308 25.4 941 
CFST, Sakino et 
al. (2004) 
CC4-A-4-1 149 2.96 447 308 40.5 1064 
CC4-A-4-2 149 2.96 447 308 40.5 1080 
CC4-A-8 149 2.96 447 308 77 1781 
CC4-C-2 301 2.96 903 279 25.4 2382 
CC4-C-4-1 300 2.96 900 279 41.1 3277 
CC4-C-4-2 300 2.96 900 279 41.1 3152 
CC4-C-8 301 2.96 903 279 80.3 5540 
CC6-A-2 122 4.54 366 576 25.4 1509 
CC6-A-4-1 122 4.54 366 576 40.5 1657 
CC6-A-4-2 122 4.54 366 576 40.5 1663 
CC6-A-8 122 4.54 366 576 77 2100 
CC6-C-2 239 4.54 717 507 25.4 3035 
CC6-C-4-1 238 4.54 714 507 40.5 3583 
CC6-C-4-2 238 4.54 714 507 40.5 3647 
CC6-D-2 361 4.54 1083 525 25.4 5633 
CC6-D-4-1 361 4.54 1083 525 41.1 7260 
CC6-D-4-2 360 4.54 1080 525 41.1 7045 
CC6-D-8 360 4.54 1080 525 85.1 11505 
CC8-A-2 108 6.47 324 853 25.4 2275 
CC8-A-4-1 109 6.47 327 853 40.5 2446 
CC8-A-4-2 108 6.47 324 853 40.5 2402 
CC8-A-8 108 6.47 324 853 77 2713 
CC8-C-2 222 6.47 666 843 25.4 4964 
CC8-C-4-1 222 6.47 666 843 40.5 5638 
CC8-C-4-2 222 6.47 666 843 40.5 5714 
CC8-C-8 222 6.47 666 843 77 7304 
CC8-D-2 337 6.47 1011 823 25.4 8475 
CC8-D-4-1 337 6.47 1011 823 41.1 9668 
CC8-D-4-2 337 6.47 1011 823 41.1 9835 
CC8-D-8 337 6.47 1011 823 85.1 13776 



















S2 114 7.6 300 343 50 1664 
S3 114 7.6 300 343 70 1760 
S4 114 7.6 300 343 90 1848 
S5 114 7.6 300 343 110 1936 
S6 114 2.85 300 343 30 758 
S7 114 2.85 300 343 50 877 
S8 114 2.85 300 343 70 1010 
S9 114 2.85 300 343 90 1156 
S10 114 2.85 300 343 110 1291 
S11 114 2.07 300 343 30 568 
S12 114 2.07 300 343 50 700 
S13 114 2.07 300 343 70 847 
S14 114 2.07 300 343 90 993 
S15 114 2.07 300 343 110 1140 
S16 114 1.63 300 343 30 491 
S17 114 1.63 300 343 50 641 
S18 114 1.63 300 343 70 791 
S19 114 1.63 300 343 90 938 
S20 114 1.63 300 343 110 1086 






























et al. (2006) 
S23 238 11.9 714 507 70 8520 
S24 238 11.9 714 507 90 9080 
S25 238 11.9 714 507 110 9600 
S26 238 3.97 714 507 30 2932 
S27 238 3.97 714 507 50 3580 
S28 238 3.97 714 507 70 4240 
S29 238 3.97 714 507 90 4880 
S30 238 3.97 714 507 110 5520 
S31 360 8 1080 525 30 8440 
S32 360 8 1080 525 50 9880 
S33 360 8 1080 525 70 11360 
S34 360 8 1080 525 90 12800 
S35 360 8 1080 525 110 14280 
S36 360 6.55 1080 525 30 7200 
S37 360 6.55 1080 525 50 8680 
S38 360 6.55 1080 525 70 10160 
S39 360 6.55 1080 525 90 11600 
S40 360 6.55 1080 525 110 13080 


































D2M3C2 47.28 1.87 340 360 30 215 
D2M3C3 47.28 1.87 340 360 30 210 
D2M3F11 47.28 1.87 340 360 30 167 
D2M3F12 47.28 1.87 340 360 30 178 
D2M3F13 47.28 1.87 340 360 30 187 
D2M3F21 47.28 1.87 340 360 30 145 
D2M3F22 47.28 1.87 340 360 30 166 
D2M3F23 47.28 1.87 340 360 30 176 
D2M3F31 47.28 1.87 340 360 30 171 
D2M3F32 47.28 1.87 340 360 30 168 
D2M3F33 47.28 1.87 340 360 30 160 
D3M3C1 89.32 2.74 340 360 30 610 
D3M3C2 89.32 2.74 340 360 30 635 
D3M3C3 89.32 2.74 340 360 30 630 
D3M3F11 89.32 2.74 340 360 30 524 
D3M3F12 89.32 2.74 340 360 30 494 
D3M3F13 89.32 2.74 340 360 30 530 
D3M3F21 89.32 2.74 340 360 30 540 
D3M3F22 89.32 2.74 340 360 30 494 
D3M3F23 89.32 2.74 340 360 30 560 
D3M3F31 89.32 2.74 340 360 30 571 
D3M3F32 89.32 2.74 340 360 30 582 
D3M3F33 89.32 2.74 340 360 30 557 
D4M3C1 112.56 2.89 340 360 30 754 
D4M3C2 112.56 2.89 340 360 30 730 
D4M3C3 112.56 2.89 340 360 30 745 
D4M3F11 112.56 2.89 340 360 30 635 
D4M3F12 112.56 2.89 340 360 30 720 
D4M3F13 112.56 2.89 340 360 30 650 
D4M3F21 112.56 2.89 340 360 30 686 
D4M3F22 112.56 2.89 340 360 30 716 
D4M3F23 112.56 2.89 340 360 30 681 
D4M3F31 112.56 2.89 340 360 30 687 
D4M3F32 112.56 2.89 340 360 30 700 
D4M3F33 112.56 2.89 340 360 30 674 




































CFST, Gupta et 
al. (2007) 
D2M4C3 47.28 1.8 340 360 40 246 
D2M4F11 47.28 1.8 340 360 40 177 
D2M4F12 47.28 1.8 340 360 40 192 
D2M4F13 47.28 1.8 340 360 40 165 
D2M4F21 47.28 1.8 340 360 40 157 
D2M4F22 47.28 1.8 340 360 40 156 
D2M4F23 47.28 1.8 340 360 40 162 
D2M4F31 47.28 1.8 340 360 40 190 
D2M4F32 47.28 1.8 340 360 40 203 
D2M4F33 47.28 1.8 340 360 40 194 
D3M4C1 89.32 2.7 340 360 40 644 
D3M4C2 89.32 2.7 340 360 40 620 
D3M4C3 89.32 2.7 340 360 40 650 
D3M4F11 89.32 2.7 340 360 40 599 
D3M4F12 89.32 2.7 340 360 40 620 
D3M4F13 89.32 2.7 340 360 40 605 
D3M4F21 89.32 2.7 340 360 40 603 
D3M4F22 89.32 2.7 340 360 40 577 
D3M4F23 89.32 2.7 340 360 40 552 
D3M4F31 89.32 2.7 340 360 40 613 
D3M4F32 89.32 2.7 340 360 40 599 
D3M4F33 89.32 2.7 340 360 40 605 
D4M4C1 112.56 2.8 340 360 40 822 
D4M4C2 112.56 2.8 340 360 40 788 
D4M4C3 112.56 2.8 340 360 40 801 
D4M4F11 112.56 2.8 340 360 40 785 
D4M4F12 112.56 2.8 340 360 40 755 
D4M4F13 112.56 2.8 340 360 40 757 
D4M4F21 112.56 2.8 340 360 40 735 
D4M4F22 112.56 2.8 340 360 40 727 
D4M4F23 112.56 2.8 340 360 40 747 
D4M4F31 112.56 2.8 340 360 40 745 
D4M4F32 112.56 2.8 340 360 40 758 
PB1-1-1 79 3.25 600 377 51.07 1659.6 
ECFST, Chang 
et al. (2009) 
PB1-2-1 79 3.25 1200 377 51.07 1461.7 
PT1-1-1 79 3.6 600 343 51.07 1674.5 
PT1-1-2 79 3.6 600 343 51.07 913.4 
PT1-2-1 79 3.6 1200 343 51.07 1540.7 
PT1-2-2 79 3.6 1200 343 51.07 792.1 
PT1-3-1 79 3.6 1800 343 51.07 1429.3 
PT2-1-1 79 3.6 600 343 44.65 1442.4 
PT2-1-2 79 3.6 600 343 44.65 853.4 
PT3-1-1 79 3.6 625 343 54.15 1573.1 
PT3-1-2 79 3.6 600 343 54.15 899.8 
T0-1 79 3.6 600 343 44.88 1371.2 
T0-2 79 3.6 600 343 44.88 777.7 








C-30-5D 114 3.83 570 287 30 739.5 
C-30-7D 114 3.83 798 287 30 631.5 
C-30-10D 114 3.83 1140 287 30 599.3 
C-60-3D 114 3.83 342 287 60 952 
C-60-5D 114 3.83 570 287 60 902.9 
C-60-7D 114 3.83 798 287 60 868.5 
C-60-10D 114 3.83 1140 287 60 809.2 





















C-80-5D 114 3.83 570 287 80 1180.7  
CFST, de 
Oliveira et al. 
(2009) 
C-80-7D 114 3.83 798 287 80 1198.3 
C-80-10D 114 3.83 1140 287 80 1111.6 
C-100-3D 114 3.83 342 287 100 1453.1 
C-100-5D 114 3.83 570 287 100 1407.1 
C-100-7D 114 3.83 798 287 100 1375.8 
C-100-10D 114 3.83 1140 287 100 1319.9 
III 140 2.62 420 315 37 1350 
ECFST, Wang 
et al. (2011) 
IV 140 2.66 420 315 32 1300 
VII-1 140 2.59 420 315 37 1350 
VII-2 140 2.6 420 315 37 1350 
III 140 2.62 420 315 37 1350 
S1-1 114.85 3 1000 354.05 32.1 806.4 
CFST, Dundu 
(2012) 
S1-2 114.85 3 1500 354.05 32.1 688.2 
S1-3 114.85 3 2000 354.05 32.1 632.2 
S1-4 114.85 3 2500 354.05 32.1 566.1 
S1-5 127.3 3 1000 345.2 32.1 912.1 
S1-6 127.3 3 1500 345.2 32.1 848.5 
S1-7 127.3 3 2000 345.2 32.1 715.8 
S1-8 127.3 3 2500 345.2 32.1 638.8 
S1-9 139.2 3 1000 361.95 32.1 1059.5 
S1-10 139.2 3 1500 361.9 32.1 941 
S1-11 139.2 3 2000 361.9 32.1 868 
S1-12 139.2 3 2500 361.9 32.1 750 
S2-1 152.4 3 1000 488.2 25.6 1463 
S2-2 152.4 3 1500 488.2 25.6 1209 
S2-3 152.4 3 2000 488.2 25.6 1167 
S2-4 152.4 3 2500 394.3 25.6 968.9 
S2-5 165.1 3 1000 438.2 25.6 1549 
S2-6 165.1 3 1500 438.2 25.6 1338 
S2-7 165.1 3 2000 438.2 25.6 1234 
S2-8 165.1 3 2500 430.3 25.6 1232 
S2-9 193.7 3 1000 398.8 25.6 1999 
S2-10 193.7 3.5 1500 398.8 25.6 1817 
S2-11 193.7 3.5 2000 398.8 25.6 1796 






Figure 5.15: Axial Load versus Concrete Compressive Strength for all CFST Results 
Collected From the Previous Studies 
 
 
Figure 5.16: Axial Load versus Steel Yield Strength for all CFST Results Collected 






Figure 5.17: Axial Load versus Specimen D/t Ratio for all CFST Results Collected 
from the Previous Studies 
 
 
Figure 5.18: Axial Load versus Specimen Length for all CFST Results Collected 






Figure 5.19: Axial Load versus Concrete Compressive Strength for all ECFST 
Results Collected from the Previous Studies 
 
 
Figure 5.20: Axial Load versus Specimen Steel Yield Strength for all ECFST Results 





Figure 5.21: Axial Load versus Specimen D/t Ratio for all ECFST Results Collected 
from the Previous Studies 
 
 
Figure 5.22: Axial Load versus Specimen Length for all ECFST Results Collected 





Figure 5.23: Comparison of CFST Results Obtained from the Previous Studies with 
the Prediction Approaches Using Eurocode4 (2006), (L: Liang & Fragomeni, 2009; 
S: Susantha et al., 2001; H: Hu et al., 2003) 
 
 
Figure 5.24: Comparison of CFST Results Collected from the Previous Studies with 
the Prediction Approaches Using AISC (2005), (L: Liang & Fragomeni, 2009; S: 





Figure 5.25: Comparison of ECFST Results Collected from the Previous Studies 
with Prediction Approaches Using Eurocode4 (2006), (CS: Current Study; L: Liang 
& Fragomeni, 2009; S: Susantha et al., 2001; H: Hu et al., 2003) 
 
 
Figure 5.26: Comparison of ECFST Results Collected from the Previous Studies 
with Prediction Approaches Using AISC (2005), (CS: Current Study; L: Liang & 




5.4 Concluding Remarks 
The analytical modeling for the inelastic analysis of the CFST and ECFST 
specimens investigated in the present study was performed using FBM and FEM 
analysis tools to predict and compare the behavior of such columns with the test 
results. The result obtained from FBM and FEM show good agreement with the 
experimental results in terms of ultimate axial load capacity. It was concluded that the 
adopted FBM modeling approach provided comparable ultimate capacity to those 
obtained from testing and required less modeling and computational efforts compared 
with FEM. Hence, FBM is recommended for conducting further studies to investigate 
the implications of different parameters on the axial capacity of CFST. 
The CFST and ECFST test results obtained from the present study as well as 
those collected from the literature are compared with the prediction approaches 
recommended by design codes, namely AISC (2005) and Eurocode4 (2006), as well 
as those suggested by other researchers, namely Susantha et al. (2001), Hu et al. (2003) 
and Liang and Fragomeni (2009). It was concluded that the predicted axial capacity of 
CFSTs by the Eurocode4 (2006) using the Susantha et al. (2001) approach for 
estimating the confined concrete strength led to the best correlation with test results. 
The predicted axial capacity of CFST by AISC (2005) using the Liang and Fragomeni 
(2009) prediction approach for confined concrete led to the best correlation with tests. 
Finally, the results obtained from the present study and those collected from previous 
investigations indicated that the prediction approaches recommended by the design 
codes and previous researchers underestimate the ultimate axial capacity of ECFSTs. 
Hence, an efficient prediction approach for ECFST is recommended to be developed 






This thesis reviewed the existing literature and previous prediction models 
relevant to CFSTs and ECFSTs. The previous studies indicated that the axial load 
capacities of CFST columns were much higher than other concrete columns due to the 
efficient confinement provided by the steel tubes to concrete. When adding EA to 
concrete, the ECFST columns gained more axial strength compared with CFSTs. 
Although the results of previous studies indicated that ECFSTs are promising for 
improving the performance of CFST columns by increasing the confinement of 
concrete, this technique has received little attention. The literature review confirmed 
the pressing need to fill the gaps in knowledge, particularly related to the following: 
(i) impact of concrete strength, concrete mixing approach, EA ratio, cross-sectional 
dimensions and slenderness ratio on the axial load capacity of ECFSTs, and (ii) the 
behavior of ECFST columns using the EA material used in the construction industry 
in the UAE. 
The main objectives of the experimental and analytical research program 
conducted in this study were thus as follows: (i) experimentally investigate the 
behavior of ECFST with different concrete mixing approaches, concrete strength 
levels, EA ratios, cross-sectional dimensions and slenderness ratios, (ii) compare the 
load capacity and the development of strain and failure modes of concentrically loaded 
CFST and ECFST columns, and (iii) study the correlation between the test results of 
the present research and previous studies with those obtained from different analytical 
modeling techniques as well as the prediction approaches recommended by design 




The experimental program conducted in the present study consisted of testing 
16 CFST/ECFST columns. The specimens were divided into two series. Series 1 was 
subdivided into four sub-groups according to their concrete strength and EA dosages. 
To investigate the impacts of EA, fourteen concrete mixes are prepared with four 
different concrete strength values (16, 40, 50 and 90 MPa), four EA dosages (0%, 6%, 
12% and 24%), and two concrete mixing approaches. The results of testing the 
concrete mix cylinders indicated that EA had better performance with high w/c ratios. 
In the initially adopted mixing approach (Mix Approach 1), all ingredients were mixed 
together. To study the effect of the mixing approach, additional concrete cubes were 
prepared using a different mixing method (Mix Approach 2), in which all materials 
excluding cement and water, were firstly mixed together. The water was then added to 
enable the EA to react with enough water. subsequently, the cement was finally added 
to the mixture. The results indicated that the Mixing Approach 2 enhanced the concrete 
compressive strength.  
Steel tubes in two different diameters (89.6 and 153.6 mm), thicknesses (2 and 
3 mm), and lengths (370 and 1500 mm) are fabricated. A standard tensile test was 
carried out to obtain the material properties. The steel tubes were fabricated with lathe 
machine to ensure their symmetry about the axis of rotation. In order to arrive at an 
effective pre-stressing action during the hardening process of concrete, two end plates 
were tied to each ECFST specimen immediately after casting. The short column 
specimens were tested 28 days after casting of concrete using 5000 kN compression 
testing machine while long columns were tested using 2000 kN reaction frame. Each 
of the tested specimens was effectively instrumented using four LVDTs and several 
uniaxial strain gauges aligned vertically and horizontally to monitor the deformations 




deformations (vertical displacement, vertical strain and hoop strain) along with the 
deformed shapes of the 16 tested specimens.  
The column specimens studied in the present study were also modeled and 
analyzed using two modeling approaches, namely FBM and FEM, to predict the axial 
behavior of CFST and ECFST columns and compare them with test results. Finally, 
the CFST and ECFST test results obtained from the present study and those available 
in the literature were compared with the prediction approaches recommended by 
design codes, namely AISC (2005) and Eurocode4 (2006), and the models suggested 
by other researchers, namely Susantha et al. (2001), Hu et al. (2003) and Liang and 
Fragomeni (2009). 
6.2 Conclusions 
The important observations and conclusions of the experimental phase of this 
study were as follows: 
 The ECFST specimens mainly failed by diagonal cracking of concrete core.  
 Using EA enhanced the stiffness of ECFST specimens, especially when using 
NSC. The behavior of ECFST columns was less ductile compared with that of 
CFST.  
 Test results of short columns indicated that increasing the concrete strength 
significantly increased the axial capacity of CFST columns by up to 76%. 
 The most promising EA dosage for the ECFST short columns was 6%, 
particularly when using HSC. An adverse effect of EA on the axial capacity of 
ECFST columns was observed when the EA dosage was increased to 12% and 




 Using EA with a concrete strength of 40 MPa led to the most pronounced 
enhancement in the confining pressure and axial load capacity in both short and 
long columns.  
 
The main observations and conclusions of the analytical phase of the study 
were as follows: 
 Good agreement was observed between the experimental results and those 
obtained from both FBM and FEM in terms of ultimate axial load capacity.  
 The adopted FBM modeling provided comparable ultimate axial capacity to 
those obtained from testing with an average error of 8%, while it required less 
modeling and computational efforts compared with FEM. Hence, the FBM is 
recommended for conducting parametric studies on CFSTs/ECFSTs. 
 The axial capacity of CFST columns predicted by Eurocode4 (2006) using the 
Susantha et al. (2001) approach for estimating the confined concrete led to the 
best correlation with test results with 13% average difference percentage.  
 The axial capacity of CFST columns predicted by AISC (2005) using the Liang 
and Fragomeni (2009) concrete model led to the best correlation with test 
results with 14% average difference percentage.  
 Test results of the present study as well as those from previous tests indicated 
that the prediction approaches recommended by the design codes and previous 




6.3 Contributions to Knowledge 
The experimental and analytical phases of the present study consisted of testing 
and analytically investigating the behavior of 16 CFSTs/ECFSTs under concentric 
loading. The main contributions of this investigation were: 
 The study addressed the impacts of several parameters, such as the mixing 
approach of EA, concrete strength, different EA ratios and slenderness ratios, 
on the axial load capacity of ECFSTs. The results obtained from the testing 
program filled gaps of the currently available ECFST database.  
 Unlike most previous studies that employed expansive cement, the present 
study investigated the behavior of ECFST columns using the EA available in 
the local market in the UAE, which sheds light on the expected behavior of 
ECFSTs in this part of the world. 
 The results obtained from the experimental study can be utilized to verify 
computational models and support the development of prediction approaches 
for ECFST members. Moreover, the analytical modeling approach adopted in 
the present study provided comparable ultimate axial capacity to those obtained 
from testing, and hence it can be used for conducting additional parametric 
studies on CFSTs/ECFSTs. 
 This study recommended the use of specific models for confined concrete with 
the prediction approaches recommended by design codes to arrive at reliable 




6.4 Recommendations for Future Research 
The present study investigated the impacts of concrete strength and mixing 
approach, EA ratio, cross-sectional dimension, and slenderness ratio of steel tube on 
the behavior of ECFST members subjected to axial loads. Notwithstanding, there is an 
urgent need to investigate some issues that were not covered in this research. The 
following issues are proposed for future studies: 
1. The results of the present study and those collected from previous tests 
indicated that the prediction approaches recommended by design codes and 
previous researchers underestimate the axial capacity of the ECFST. Hence, an 
efficient prediction approach for ECFST is highly needed. 
2. In order to cover the behavior of ECFSTs more comprehensively, it is 
recommended to investigate the effects of load eccentricity and the behavior of 
ECFSTs under lateral cyclic loading.  
3. A future study is needed to measure the hoop strain in the steel tube after 
casting so that the confining effect of the expansive concrete is quantified as 
the concrete cures. There is also a need to measure the expansion coefficient of 
EA with different dosages and to clarify how the concrete and steel tube 
interact and influence the compressive strength of slender and short columns.  
4. More research is needed to assess the impacts of the cross-sectional shape on 
the axial load capacity of ECFST columns, particularly the behavior of full-
scale columns. 
5. This study focused on steel tubes with particular yield strength. This presents 
an opportunity for further experimental and numerical investigations to cover 
the impacts of different steel yield strength values on the behavior of ECFSTs. 
6. The analytical study could be extended to cover a wide–range of parameters 
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